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ABSTRACT

THERMAL OXIDATIVE STABILITY OF MIDDLE DISTILLATE FUELS:
CHEMISTRY OF DEPOSIT FORMATION & STABILIZATION

By
Christopher G. Kabana
February 2012

Dissertation supervised by Dr. Bruce D. Beaver
The thermal oxidative stability of middle distillate fuels is a topic of considerable
concern. There are several examples of ambient temperature oxidation of fuel, leading to
particulate matter and filtration issues. It is shown that particulate matter values vary
globally based on region and fuel type, suggesting the problem is more than mere
inorganic matter.

The variability of filtration times is not dependent on absolute

particulate matter present; it is suggested to be dependent upon the nature or morphology
of deposit.
For a more thorough understanding of the chemistry responsible for deposit
formation, flask oxidation was employed to test the Soluble Macromolecular Oxidatively
Reactive Species (SMORS) mechanism. Spectral data suggest the presence of alcoholic
and carbonylic functionality, which is in agreement with how the SMORS mechanism
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defines deposit formation.

It has also been determined that the introduction of

compounds conceivably indigenous to jet fuels has a negative impact on deposit
formation.

In addition, it has been shown the elemental composition of thermally

induced deposit entails significant heteroatom content.
According to the SMORS mechanism, one of the primary reasons for deposit
formation is the presence of radical initiators. The paraffinic blending of fuels shows
promise in oxidatively stabilizing jet fuels. Research suggests blending reduces oxidation
by diluting both the radical initiators and soluble deposit precursors. It is possible the use
of this method could improve filter life and decrease operational costs.
A better understanding of the chemistry of deposit formation can lead to improved
deposit inhibitors. Additives that have shown promise in bomb tubing studies were tested
using flask oxidation. Additionally, extracted fuel polars reintroduced into the fuel at
0.3% v/v were tested for antioxidative activity. It was concluded the introduction of ppm
levels of polar compounds extracted from fuel back into a fuel is very successful in
limiting oxidative product formation.
One strategy for inhibiting deposit formation is the use of compounds that can act
as oxygen/hydroperoxide scavengers. A linear free energy Hammett plot was developed
for the reaction between molecular oxygen and triarylphosphines. Results indicate a very
small positive charge buildup, suggesting a nonsynchronous concerted reaction.
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Chapter 1: Introduction
Crude petroleum oil is refined into its major products by taking advantage of the
varying boiling points of its hydrocarbon components. These components are separated
by distillation. Distillates that are produced around the middle of the temperature range
of interest are called middle distillates. Middle distillate fuels are defined as diesel fuel,
kerosene and jet fuel, with jet fuel being the primary focus of this research.
Solid deposit formation in jet fuels has been an area of concern for years. This
particulate matter can clog filters and fuel nozzles inside engines, impeding fuel flow and
reducing overall fuel quality. There are multiple possible sources for this deposit. One
possible source is dirt, which is comprised primarily of inorganic elements. Another
possible explanation for deposit formation is a fuel‟s potential chemical predisposition
for oxidative instability. It is generally accepted that jet fuel stability is influenced by
small chemical changes in the fuel. One of the first major reviews on this subject was
published in 1962 by the Bureau of Mines (Schwartz & Eccleston, 1962). This review
focused on fuel composition, additives designed to enhance stability and the current
testing methods. The authors are quoted as stating:
“The effect of composition can be summarized by saying that the overall stability of a jet
fuel depends upon the fuel composition; the gross hydrocarbon makeup is a minor factor
and the minor trace components and contaminants are of major importance. Other
components of the fuel, such as sulfur compounds, nitrogen compounds, oxidation
products or intermediates, and trace contaminants, such as metals, have an important
effect on deposit formation.”
As stated in the review, the vast majority of a fuel is comprised of hydrocarbons
(>98%).

The remaining minor components are heteroatomic molecules containing

elements like sulfur, oxygen and nitrogen. It is universally agreed these molecules are
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the source of the majority of deposition problems. Compounds containing sulfur (Taylor
& Wallace, 1968), nitrogen (Taylor, 1968) and oxygen (Lusebrink & Nixon, 1959) have
been shown long ago to have deleterious effects with respect to deposit formation. This
has been substantiated many times since then. Heteroatomic compounds such as phenols
(Striebich et al., 2009), pyrroles (Bauserman et al., 2008), indoles (Sobkowiak et al.,
2009) and thiols (Mushrush et al., 1999) have been shown to be indigenous to fuels as
well as having negative effects on the thermal oxidative stability of jet fuels.
If a fuel is not stable, it can form insoluble sediments and gums that coat surfaces
and cause blockages in engines and filters. In fact, in the early 2000s there was a
significant increase of global in-flight fuel filter blockages in the commercial aviation
section. It was determined that minimal hydrocarbon matter was present in the blocked
filters analyzed. Due to this, it was assumed that most of the blockages observed were
due primarily to dirt. Consequently the global jet fuel production and distribution system
increased house keeping and cleanliness efforts significantly since 2004.
Despite this conclusion, fuel oxidative instability is still a very real issue.
Deposits and gums can form from both ambient storage oxidation and thermal oxidation.
Over the last twenty years at least three major oxidative stability incidents with middle
distillates have occurred that have been reasonably well documented.

These three

incidents are prime examples of fuels that originally pass specification tests but can
undergo significant change during transit, storage or use.
The first incident was reported in 1991 when a large volume of JP-5 oxidatively
degraded upon pipeline transit from the U.S. Gulf Coast to Virginia (Kamin & Nowack,
1991). The fuel met jet fuel thermal oxidation tester (JFTOT) specification (Hazlet,
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1991) at the refinery but was found to fail the JFTOT specification upon delivery just a
short time later. The investigation of this incident concluded that copper contamination
did not promote the JFTOT failure. If this conclusion is correct then the JP-5 in question
must have contained, or picked up upon transit, some components that promote oxidative
degradation.
The second incident, which was alluded to earlier, occurred in commercial jet
fuel, Jet A-1, in the early 2000s when commercial air carriers noted a significant increase
of in-flight filter blockages (Jones, 2008).

Owing to the presence of minimal

hydrocarbon matter in the few blocked fuel filters analyzed it was assumed that most of
these blockages were primarily due to dirt (IATA, 2008; Wrigley & Hoskin, 2007).
Since 2003 many airlines have “solved” this problem by increasing the frequency of fuel
filter change outs. However, a 2005 Coordinating Research Council (CRC) report found
that some Original Equipment Manufacturers (OEMs) believe that jet fuel particulate
matter issues are generated within the engine system rather than being introduced from
external sources (Hughes & Thom, 2008).
The third incident occurred in 2004 and was a storage instability issue with F-76,
a Navy diesel fuel (Williams et al., 2007). This incident involved a large amount of fuel
from a single refinery, which after a few months of ambient storage degraded into a dark
colored suspension that clogged filter coalescer elements.
The common feature of all three scenarios is that fuel specifications were met for
thermal or storage stability at the refinery followed by oxidative degradation upon storage
or use. These examples show that some middle distillates oxidatively degrade during
ambient storage to varying degrees. The fact that fuel quality can vary helped lead to the
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formation of the Petroleum Quality Information System (PQIS). This system monitors
fuel quality and researches fuel quality issues around the globe. The information in this
database is provided either by the supplier of the fuel or measured upon procurement of
the fuel at a Defense Fuel Support Point (DFSP) and reported by the Defense Logistics
Agency Energy (DLA Energy). While it is true that PQIS data is not typically used as a
source of guidance for trends in fuel filtration time and particulate matter, it is suggested
here that it is reasonable to do so due to the large volumes of fuels these data represent.
The following filtration time (FT) and particulate matter (PM) information, if properly
analyzed, should provide a vantage point with which to observe fuel oxidative stability.
The hypothesis of middle distillates oxidatively degrading during ambient storage
is supported by examination of refinery jet fuel particulate matter (PM) from the U.S.
Department of Defense (DoD) PQIS reports. Global PM means are reported for the
major regions of the world where the DoD purchases fuel. For instance, table 1.1 below
reports 2009 volume-weighted mean refinery PM values for both JP-8 and JP-5 from
regions one through eight. The 2009 JP-8 fuel volume was almost 2 billion gallons,
while the JP-5 volume was over 500 million gallons, both of which were globally
procured from many different refineries. Due to the amount of volume represented, the
data is considered a statistically significant sampling of global military jet fuels.
As can be seen, the JP-5 average is 0.23 mg/L while the JP-8 average is 0.39
mg/L. A clearer example is to compare the JP-5 PM mean for region 3 (0.10 mg/L) with
the PM mean for JP-8 in region 6 (0.77 mg/L). If PM is merely the presence of dirt, it is
reasonable to assume that the amount of dirt any fuel is exposed to is universally
consistent across the board, regardless of refinery or type of fuel, due to the fact that
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refineries must pass minimum requirements for particulate matter.

This significant

discrepancy in PQIS region means PM points to something other than refinery dirt being
the culprit for PM.
Table 1.1. 2009 PQIS region military jet fuel volume weighted mean particulate matter,
PM (mg/L).
JP-8 Volume
JP-5 Volume
JP-8 PM
JP-5 PM
Region No.
(millions of
(millions of
(mg/L)
(mg/L)
gallons)
gallons)
1 – U.S. East Coast
9.5
0.35
2 – U.S. Midwest
204
0.34
1.3
0.36
3 – U.S. Gulf Coast
823
0.35
272
0.10
4 – U.S. North West
64
0.26
5 – U.S. West Central
331
0.40
122
0.29
6 – Persian Gulf
186
0.77
31
0.41
7 – Europe
89
0.53
36
0.43
8 – Asia
256
0.45
71
0.44
*Specification = 1 mg/L
Total= ~1900 Mean = 0.39 Total = ~530 Mean = 0.23
Additionally, table 1.2 shows the 2008-2009 weighted mean for particulate matter
for various regions determined for the production of F-76. The fact is F-76 from region 6
has the lowest PM while F-76 from regions 3 & 7 have the highest values.

This

eliminates the argument that different regions are more susceptible to dirt contamination
(for example, region 6, the Persian Gulf, having a higher PM than other regions due to
arid desert conditions). It seems PM is not solely dirt in its origin.
Table 1.2. Volume Weighted Particulate matter data from several regions for
F-76 from 2008-09.
Region 3 Region 5 Region 6 Region 7 Region 8 Region 9
2009 Particulate
4.39
1.98
1.35
3.67
0.75
5.76
Matter (mg/L)
2008 Particular
2.03
1.08
0.98
3.96
0.89
2.68
Matter (mg/L)
To explore this issue further, table 1.3 portrays three years of data from regions 3
and 6, which are located in the U.S. Gulf Coast and the Persian Gulf, respectively.
Region 3 was highlighted because it produces the most DoD jet fuel while region 6 was
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highlighted because of high PM values. Region 3 generates a PM average of 0.29 ± 0.11
mg/L while region 6 average is 0.77 ± 0.16 mg/L. These average values for these regions
are generated from ~3 billion gallons of jet fuel purchased 2007-2009. Due to this fact,
these data clearly shows significantly different PM values between these two regions. To
explain the differences in PM values in table 2.7 it is suggested that the majority of the
PQIS PM is oxidative deposit formed during fuel storage at the refinery and/or storage
depots. Some region 6 crudes could provide jet fuel that is more oxidatively reactive than
those of region 3.
Table 1.3. PQIS JP-8 volume weighted mean particulate matter (PM) three year median
and ranges for regions 3 & 6.
2007 PM mean
2008 PM mean
2009 PM mean
PM median
Region
mg/L (millions
mg/L (millions
mg/L (millions
mg/L
gallons)
gallons)
gallons)
(total gallons)
3 – U.S.
0.29
0.24
0.35
0.29 ± 0.11
Gulf Coast
(853)
(755)
(823)
(2431)
6 – Persian
0.62
0.78
0.77
0.77 ± 0.16
Gulf
(200)
(173)
(186)
(559)
Another factor to note is that the PQIS PM averages for JP-8, JP-5 and JPTS are
significantly different, as shown in table 1.4. The average PM values for JP-8, JP-5 and
JPTS 0.357 mg/L, 0.292 mg/L and 0.126 mg/L, respectively. JPTS is a thermally stable
specialty fuel that is consistent with the proposed PM specification/oxidative stability
relationship hypothesis and thus has a lower PM specification, 0.30 mg/L, rather than the
1.0 mg/L specified for both JP-8 and JP-5. In addition, only in 2003 was the PM value
for JP-5 greater than JP-8. This anomaly is readily explained since that particular year a
large percent of JP-5 was purchased from unknown Persian Gulf refineries (region 6). As
stated previously, it is suggested that certain Persian Gulf crudes are particularly
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oxidatively reactive. The other regions that produce JP-5 are suggested to utilize crudes
that are oxidatively more stable than those in region 6.
Table 1.4. Historical trend of PQIS jet fuel volume weighted mean particulate matter, PM
(mg/L).
1
Year
PM (mg/L) JP-8
PM (mg/L) JP-51
PM (mg/L) JPTS2
2009
0.390
0.230
0.105 (region 3)
2008
0.340
0.234
0.119 (regions 3 & 5)
2007
0.368
0.291
0.140
2006
0.348
0.265
2005
0.368
0.260
0.140
2004
0.350
0.280
2003
0.344
0.422
2002
0.352
0.337
2001
0.354
0.312
1. Specification Limit = 1.0 mg/L Maximum
2. Specification Limit = 0.30 mg/L Maximum

Tables 1.1 thru 1.3 summarize particulate matter data with respect to the region or
origin while table 1.4 contrasts the PM data as a function of the type of fuel in question.
It has been noted that there is a difference in PM data in both instances. This leads to the
query of what effects these differences might have on another important specification:
filtration time.
In table 1.5 the potential effect of storage temperature on PM and filtration time is
investigated. Entries 1-6 contain data from refineries and/or storage depots from the
Persian Gulf region (region 6) while entries 7-12 contain data from refineries and/or
storage depots from the U.S. Midwestern region (region 2). It is assumed that the fuel
average storage stress temperature on the date that the fuel was analyzed approximates
the monthly average high temperatures for the regions where the fuel was produced
and/or purchased.

For region 6, Kuwait City temperature data was utilized while

Chicago temperatures were used for region 2. If it is assumed that fuels are stored for
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approximately equivalent time intervals the data suggest that fuel storage temperature has
minimal effect upon PM and filtration values.
Table 1.5. The effect of ambient JP-8 storage temperatures upon particulate matter (PM)
and filtration times for Persian Gulf (6) and U.S. Midwestern (2) regions in 2009.
Report
Filtration
Avg.
Volume
PM
Entry
Date
Fuel
Region
Time
Monthly
(gallons)
(mg/L)
(2009)
(minutes) High (oF)
1
19-July
1590
6
26,300,792
0.98
12
110
2
21-Jan.
1551
6
2,537,663
0.92
9
64
3
8-Sept.
1601
6
947,662
0.64
11
107
4
20-Dec.
1620
6
3,390,094
0.58
10
67
5
09-Mar.
1566
6
2,740,079
0.88
8
78
6
30-May
1586
6
2,260,863
0.53
10
101
7
21-Oct.
1325
2
2,541,764
0.21
4
62
8
07-Sept.
1356
2
1,002,455
0.92
5
74
9
29-May
0772
2
948,622
0.29
5
70
10
10-Jan.
0083
2
84,230
0.18
14
30
11
22-Oct.
1273
2
836,651
0.90
12
62
12
17-Aug.
0524
2
1,054,141
0.10
5
81
Table 1.6 reports JP-8 filtration time data from PQIS for 1999-2009.

The

filtration time specification limit for military jet fuels as defined in MIL-DTL-83133E is
15 minutes maximum for one gallon of jet fuel. The filtration data is presented in three
different ways: yearly mean filtration times, volume percent of fuel with filtration times
greater than 11 minutes, and volume percent of fuel with filtration times of five minutes
or less. Three interesting trends are evident.

Year
1999
2000
2001
2002
2003
2004
2005
2006

Table 1.6. Historical trend of PQIS JP-8 filtration time data.
Volume weighted filtration
% fuel volume with % fuel volume with
time mean* (minutes)
FT > 11 minutes
FT ≤ 5 minutes
6.9
6.8
16.3
7.1
7.2
8.6
6.8
5.2
10.1
6.9
10.7
13.7
7.4
11.1
7.6
6.7
2.8 > 12 min
20.2 ≤ 4.5 min
6.5
7.5
41.6
6.5
5.1
37.5
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2007
2008
2009

6.6
6.3
6.6

4.1
1.8
5.4

37.1
38.0
40.0

*Specification limit = 15 minutes Max 2004. Values are highlighted since filtration times are compared
before and after this year.

First, the median filtration times for the three different filtration intervals are
compared between 1999-2003 and 2005-2009. The volume percent of the global JP-8
that filters in less than five minutes shifts from 10.2 volume percent to 38.0 volume
percent. This large change is consistent with a global fuel system wide change in the
handling of jet fuels, which was discussed earlier. Presumably, global improvement in
refinery “house keeping” in response to the previously mentioned in-flight filter blockage
incidences (Jones, 2008; Hughes & Thom, 2010) has resulted in the increase in the lessthan-five minute filtration volume median. Examination of PQIS filtration volume/time
curves reveals that after 2004 the curve tends to shift approximately half of the fuel
volume with filtration times greater than seven minutes towards the front of the curve.
The second interesting trend is that, despite the noticeable shift in less-than-five
minute filtration time, the volume-weighted filtration time median for 1999-2003 and
2005-09 are similar; 6.9 vs. 6.5 min, respectively. This similarity probably prevented the
fuel community from noticing the dramatic shift in filtration volume intervals that had
occurred in this time frame.
The third intriguing observation is that a spike occurred in 2002-2003 in the
volume percent of JP-8 with a filtration time of greater than 11 minutes, from ~5-7 to
~10-11% (the filtration volume/time curve developed a thicker tail). This time frame
corresponds to the previously mentioned in-flight filter blockage incidences observed
globally in the commercial sector (Jones, 2008). It is suggested that the correlation of
this PQIS specification data with actual in-flight filter blockages is a very significant
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fingerprint related to the oxidative reactivity of JP-8 (and Jet A-1) at that time globally.
It is proposed that the reason for the spike in refinery filtration times is not solely due to
more dirt in the refining process during that time frame. Rather, it is suggested that
crudes with enhanced oxidative reactivity were being used globally on a large scale for
the first time. Coincidently, table 1.7 suggests that 2002-2003 were the first years that
significant amounts of JP-8 were purchased from region 6. It is conceivably possible that
certain crudes from this region produce jet fuels with enhanced oxidative reactivity both
during storage and handling in the fuel oil heat exchanger (FOHE) during flight. If so
these oxidatively reactive crudes when exported globally contributed to the increase in
the in-flight filter blockages of the early 2000s.

Implementation of a system wide

increase in the frequency of fuel filter change outs by a factor of two (Hughes & Thom,
2008) by commercial aviation has decreased the incidences of in-flight filter blockages.
Table 1.7: Percent of total jet fuel purchases by region for selected years. Global
particulate matter (PM) means are for the eight major regions and are determined by
ASTM D-5452. Mean values are volume weighted means for hundreds of batches of jet
fuel purchased by the U.S. DoD in a particular year. Fuels were stored at refineries at
ambient conditions prior to specification determinations (Data from the PQIS website).
PM
Global
mean
mg/L
0.390
JP8
0.340
JP8
0.368
JP8
0.350
JP8
0.344
JP8
0.352
JP8
0.354
JP8
0.350
JP8
0.340
JP8
0.280

Year

Region
2

Region
3

Region
4

Region
5

Region
6

Region
7

Region
8

Fraction
OCONU
S

Fuel
volume
(million
gallons)

2009

10.4

42

3.2

16.8

9.5

4.5

13

27.0

1957

2008

5.9

41.1

2.8

16.8

7.4

15.0

11.7

34.1

2325

2005

7.6

42.2

3.0

13.5

4.3

17.2

12.4

33.9

2833

2004

7.7

36.3

2.7

14.6

6.3

15.6

12.9

34.8

3231

2003

6.85

32.96

3.1

13.4

3.2

15.4

13.1

31.7

2873

2002

8.65

40.36

3.3

14.5

1.5

14.3

13.2

29.0

2918

2001

11.4

39.15

3.8

16.2

-

13.4

12.1

25.5

2743

2000

9.9

41.1

4.0

14.7

-

7.0

14.3

21.3

2535

1999

7.5

38.4

3.4

11.3

-

11.7

10.9

22.6

2698

2004

0.86

45

-

23.5

16.3

4.7

9.6

30.6

600
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JP5
0.422
JP5
0.337
JP5

2003

1.4

19.2

-

20.2

21.5

12.7

25.9

60.1

425

2002

0.88

39.2

-

2.5

9.6

6.6

21.3

37.5

791

Another response to the filter blockages was a system wide improvement in
refinery housekeeping. This correlated with a decrease in the percent fuel volume with
filtration means greater than 11 minutes from 8.2 to 4.8% for the time frames before and
after 2004, respectively. This observation is consistent with oxidation gums and deposits,
along with refinery dirt, being contributors to slow filtration. Also during this time
period, super adsorbant polymer (SAP) water filter monitors were utilized. Shortly after,
it was determined these monitors were deteriorating and releasing SAP particles. These
particles clogged filters and eventually wound up inside jet engines. This fact could be
partly responsible with these data. The filter monitors were ultimately removed in 2004.
So far, analysis of PQIS data has shown that particulate matter values vary on
region and temperature. Additionally, while filtration times have improved overall since
2004 (due to the reasoning above), there still appears to be an ongoing issue since filters
are still being replaced more quickly than they should to alleviate filter blockages.
The argument that particulate matter is not solely inorganic material is
strengthened with the PQIS PM data already presented. If oxidation of the fuel were
taking place, it would have an affect on the particulate matter. The specification most
directly affected by a change in the particulate matter would be the filtration time of the
fuel.

Additional PQIS data supporting the idea of oxidative sediments and gums

contributing to increased jet fuel filtration time is presented in table 1.8. Comparing
entries 10 vs. 15, a fuel with a PM of 0.70 mg/L and a filtration time of 4 minutes is
compared to another fuel with a PM of 0.07 mg/L and a filtration time of 11 minutes;
such data is consistent with the nature of the PM being more important than its mass.
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Additionally, fuels from certain PQIS regions exhibit significantly longer filtration times
than fuels from other regions. For instance, no fuel from PQIS region 5 exhibited a
filtration time longer than seven minutes while several fuels from regions 2, 3 and 6
exhibited significantly longer filtration times (compare entries 4, 6, 14 with 11).
A similar data trend with aged jet fuels has been previously observed (Bhan et al.,
1988). These authors state “it is as much the nature as the quantity of sediment present
that determines the filter chocking propensity of a fuel.

Fuels containing highly

deformable sediments may choke filters at relatively low concentrations compared to
fuels containing high amounts of well-dispersed, non-deformable sediment.”
Table 1.8. Selected 2009 JP-8 PQIS data exploring relationship between particulate
matter (PM), filtration time (FT), and percent aromatics.
Volume
PM
FT
%
Entry
Fuel #
Region
(gallons)
(mg/L)
(minutes) Aromatics
1
mean
822,480,000
3
0.35
5.60
15.90
2
mean
203,820,000
2
0.32
6.06
15.40
3
1386
352,535
3
0.34
6
15.40
4
0081
846,439
2
0.18
14
14.50
5
0296
862,360
2
0.29
11
16.50
6
1210
327,205
3
0.30
11
17.30
7
1209
427,567
3
0.20
11
16.00
4.55(no
8
mean
330,460,000
5
0.30
17.60
FT>7)
9
0689
725,487
5
0.26
5
13.90
10
1103
333,207
5
0.70
4
19.60
11
1034
4,892,410
5
0.26
7
18.30
12
mean
186,130,000
6
0.74
10.13
19.30
13
1614
845,567
6
0.68
10
19.90
Not
14
1580
1,961,373
6
0.07
11
Reported
15
1579
1,187,203
6
0.07
11
18.10
Interestingly, there does not appear to be a direct relationship between PM,
filtration time and the percent fuel aromatics. In the absence of this data one could
speculate that more aromatic fuels would have lower amounts of oxidation derived PM
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and thus shorter filtration times.

However, the data in table 1.8 suggests that fuel

aromatic content does not directly relate to fuel PM deposition mass. To explain the data
it is suggested that one component of fuel aromatics, the polar aromatics, affect fuel
solvency (its ability to keep deposit precursors and particulate matter in solution) and
oxidative PM mass significantly.
A point of interest that deserves being delved into more is the concept brought up
by Bhan et al. about the nature or morphology of fuel deposit playing a significant role in
filtration problems. They have provided data that is very compelling with respect to that
argument (Bhan et al., 1988). Listed in table 1.9 are five different fuels and their relative
filtration times and sediment amount (in mg/L) both before and after aging. Fuels A, C
and E were on-specification JP-4 fuels, with fuel E being a reference fuel. Fuel B is a
Jet-A fuel that was off specification in several categories and fuel D is a JP-5 fuel that
was off specification for filtration time.

a

Table 1.9. Effect of Aging (one week at 75°C) on Fuel Filtrationa Time. (Bhan et al.,
1988)
Before Aging
After Aging
Fuel
Filtration time
Sediment
Filtration time
Sediment
(min)
(mg/L)
(min)
(mg/L)
A
5.5b
24.0
2.3
0.1
c
2.0
0.0
2.3
0.1
B
21.6b
9.1
12.0c
3.6
11.1d
0.3
58.5
11.0
C
2.3
0.3
2.2
1.3
D
18.1b
0.5
5.2c
0.0
7.3
2.7
E
2.3
0.1
2.2
0.9

430 mL of fuel filtered through a 0.8 uL pore size, 25 mm diameter, cellulos acetate/nitrate membrane
filter.
b
First filtration.
c
Second Filtration.
d
Third filtration.
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For fuel A the filtration time was 5.5 minutes and yielded 24.0 mg/L of sediment.
A subsequent filtration showed that the filtration time was improved slightly to 2.0
minutes and 0.0 mg/L of sediment. This is expected since fuel A was on-specification at
the time of testing. Fuel C, the other on-specification fuel, had a filtration time of 2.3
minutes and a sediment value of 0.3 mg/L. Fuel B was tested in the same manner. The
first filtration time is 21.6 minutes with 9.1 mg/L of sediment. A second filtration
provides a time of 12.0 minutes and a sediment amount of 3.6 mg/L. A third filtration
provides a time of 11.1 minutes and a sediment amount of 0.3 mg/L. It is interesting to
note that after three filtrations, fuel B has the same amount of sediment as fuel C yet has
a filtration time significantly higher. This suggests a difference in morphology in the
sediment produced from these two fuels, with one affecting filtration times much more
than the other.
Particulate matter is commonly thought of as merely refinery dirt. While this
certainly plays a role, it has been suggested here that the more important contributor to
particulate matter is the oxidative stability of a fuel.

All these data can be quite

informative when examining PQIS data. The EIP shown above is suggested to have a
smaller particulate size and a large effect on filtration time (unfortunately, filtration times
were not measured in this experiment). Nonetheless, this observation suggests that the
size of an oxidative deposit particle is dependent upon the solvency of the fuel. In other
words, a fuels ability to keep oxidative deposit precursor molecules in solution will have
a large effect on said fuels thermal stability. Thus, fuels that oxidize during ambient
conditions could in principle form small sized oxidative deposits if the base fuel is a poor
solvent.
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With this concept in mind, it is interesting to look back at more PQIS filtration
time and particulate matter data. As noted earlier, the specification limit for filtration
time is fifteen minutes for one gallon of fuel. Table 1.10 contains a compilation of 31 JP8 batches at the upper limit of meeting the fifteen minutes per gallon filtration time
specification of MIL-DTL-83133G. All batches listed have filtration times of eleven
minutes or greater upon standing at the refinery or in storage for brief periods. These fuel
batches represent 2.8% out of 1073 total batches. A typical fuel has a filtration time of
around six minutes or less, examples being fuels C and E in table 1.9 (Bhan et al., 1988).
All these batches were produced at refineries in the Midwestern or Gulf Coast regions of
the USA in 2009.
Based upon current understanding of the SMORS hypothesis it is suggested that
ambient oxidation of fuel 990 (table 1.10, entry 7) produces a particulate matter (PM)
value of 0.29 mg/L and a filtration time of fifteen minutes per gallon, the filtration
specification limit. The long filtration time suggests that the PM is composed of small
particles that are more efficient at blocking the filter. This fuel is in contrast to the
typical fuel which forms upon ambient storage PM of ~0.3 mg/L and a filtration time of
less than six minutes. It is also suggested that the PM produced by the typical fuel is
primarily composed of oxidative deposit particles larger and less efficient at blocking
filters than those produced by fuel 990. It is suggested that fuel 990 was blended with
typical jet fuels during storage and/or use, which would likely improve its oxidative
stability.

15

Table 1.10. JP-8‟s with marginal passing filtration times (≥ 11 Minutes) from U.S.
Midwestern (2) and Gulf Coast (3) regions. Data from 2009 PQIS Report.
Volume
PM
Filtration Time Aromatics
Total S
Entry Fuel
Region
1
2
(gallons)
(mg/L)
(minutes)
Vol. %
Weight %
1
83
84 K
2
0.18
14
13.5
0.05
2
81
85 K
2
0.18
14
13.5
0.05
3
1468
2.1 M
3
0.40
13
16.2
0.09
4
1149
192 K
3
0.37
15
11.0
0.10
5
992
2.1 M
3
0.21
14
16.8
0.12
6
1274
261 K
2
0.48
11
14.7
0
7
990
2.1 M
3
0.29
15
14.1
0.12
8
130
1.5 M
3
0.24
11
16.2
9
127
1M
3
0.37
11
14.7
0.07
10
1344
1.2 M
3
0.20
11
12.0
0.03
11
1272
972 K
2
0.45
12
16.3
0.04
12
648
530 K
3
0.20
11
19.0
0
13
1079
285 K
3
0.30
11
17.3
0
14
1209
427 K
3
0.30
11
16.0
0.01
15
1210
327 K
3
0.20
11
17.3
0
16
1266
1M
2
0.37
11
17.5
0.01
17
296
862 K
2
0.29
11
16.5
0.03
18
528
140 K
2
0.79
14
17.7
0.10
19
527
970 K
0.56
12
16.8
0.10
20
1171
81 K
3
0.60
14
14.7
0.16
21
1163
230 K
3
0.66
12
12.3
0.12
22
533
1.2 M
2
0.56
11
16.6
0.04
23
1476
874 K
3
0.66
11
18.6
0.04
24
1273
838 K
2
0.90
12
15.7
0.07
25
1346
1.6 M
3
0.74
11
12.6
0.03
26
512
1.2 M
2
0.79
11
16.9
0.07
27
526
1.3 M
2
0.95
11
17.6
0.08
28
527
900 K
2
0.56
12
16.8
0.10
29
1271
636 K
2
0.58
11
18.3
0.02
30
530
55 K
2
0.98
14
17.4
0.11
31
529
979 K
2
0.90
14
15.6
0.10
1. Specification Limit = 1.0 mg/L Maximum
2. Specification Limit = 15 minutes Maximum

To expound on that idea, paraffin blending studies have been performed. Before
those details are laid out, a more thorough explanation of the SMORS mechanism
mentioned earlier is warranted.

For middle distillate fuels, oxidative degradation

involves the incorporation of low molecular weight heteroatomic molecules (Jones et al.,
1996; Jones & Balster, 1996; Schreifels et al., 1991; Heneghan & Zabarnick, 1994;
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Zabarnick & Phelps, 2006; Bhan et al., 1988) indigenous to fuels into higher molecular
weight structures that incorporate molecular oxygen (Hardy & Wechter, 1990; Beaver et
al., 2005; Sobkowiak et al., 2009; Bhan et al., 1988). A foundational study on the
oxidative degradation of diesel fuels has been reported by Hardy and Wechter (Hardy &
Wechter, 1990). In the study, both a general concept for deposit formation as well as a
general procedure for analysis of the process (the SMORS methodology) were proposed.
In 2005 generic molecular structures for deposit precursors, based upon elemental
analysis data from five diesel fuels provided by Hardy and Wechter, was proposed
(Beaver et al., 2005). It should be noted that the proposed mechanism is generic in the
sense that the molecules represented should be thought of as generalizations of chemical
entities. The 2005 mechanism has been modified to better reflect that a variety of
molecular entities can be incorporated into oxidative deposits and precursors.

In

addition, the proposed mechanism is more consistent with the reactivity of indolesubstituted hydroquinones.
In scheme 1.1, middle distillate oxidative degradation begins with the oxidation of
phenolic compounds indigenous to jet fuels (Balster et al., 2008; Jones & Blaster, 2000)
via a peroxyl radical chain mechanism (Sobkowiak et al., 2009; Morris et al., 2006;
Beaver et al., 2000). It should be noted that peroxyl radical chemistry is not the sole
source of radical chain chemistry taking place in the fuels (alkyl and alkoxy radicals),
however the peroxyl radicals are the primary focus due to their relative selectivity
compared to these other radicals.

Phenol oxidation by a peroxyl radial yields a

resonance-stabilized radical, which reacts with a second equivalent of peroxyl radical,
ultimately yielding a quinone (step 3, scheme 1.1). Quinones are robust electrophiles
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and, with respect to fuel deposit formation, can act as molecular coupling promoters.
This coupling ability is showcased through electrophilic aromatic substitution (EAS)
reactions with electron rich heterocycles, such as the substituted carbazole or pyrrole
reactions illustrated in step 4 in scheme 1.1.
Oxidation in step 5 yields quinone dimers 2a and 2b. In step 6, EAS reactions followed
by further oxidation yields a product which has a molecular formula of C21H20NO2; this
structure precisely matches the average elemental analysis of diesel fuel deposit
precursors observed previously in the literature (Hardy & Wechter, 1994). This process
repeats itself until the molecular weight and polarity cause deposit precursors to
precipitate out of the fuel. Hardy and Wechter have presented data that suggests that
diesel fuel thermal oxidative deposit molecular weight is in the range of 1000 Da.
The significant

aspects of this hypothesis

deserve to

be reiterated.

Mechanistically, it chemically describes how compounds in the parts per millionconcentration range oxidize and form higher molecular weight oxidation precursors that
ultimately yield thermal oxidative deposit. This is primarily due to the selectivity of
peroxyl radicals in hydrogen atom abstraction reactions (Sobkowiak et al., 2009; Beaver,
1999; Gül et al., 2009). For instance the conjugated hydroquinone molecules (1a, 1b in
scheme 1.1) formed by the quinone EAS reactions are more susceptible to reaction with
peroxyl radicals than simple phenols. This is due to the increased stability offered the
resulting radical from conjugation. It should also be noted that the proposed mechanism
is generic in the sense that many electron rich aromatic compounds can undergo EAS
with quinones. Note in scheme 1.1 that both a substituted carbazole and pyrrole react
with the quinone.

Other molecules that can react with quinones include anisole
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Scheme 1.1: Mechanistic Hypothesis Used to Rationalize the Chemistry of Jet Fuel Thermal Oxidative Deposit Formation.
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derivatives, alkyl-substituted benzenes, naphthalenes, phenols, thiols, amines, and
thiophenols. For instance, a recent report (Commodo et al., 2011) shows ESI-MS data
from an oxidized Jet A-1 of a homologous series derived from a parent structure with a
(M + H)+ ion peak at m/z 275.1. Such a compound could be generated by the reaction of
indigenous 4-hydroxybezenethiol with a substituted 1,4-benzoquinone produced by
phenol oxidation as suggested in scheme 1. A possible structure for this compound is
shown below.

The growth of higher molecular weight conjugated molecules as suggested in
scheme 1.1 would form color bodies (Kendall et al., 1986; Commodo et al., 2010).
Paraffin blending could have several possible effects on the thermal stability of a
fuel. Following the thought process discussed first, blending a fuel would lower the
solvency of the fuel. This would cause particulate matter formed from oxidation of the
fuel to be less soluble in the fuel. Since oxidative deposits are comprised of heteroatomic
molecules, they would be relatively polar and the blending would effectively lower the
overall polarity of the fuel, thus causing oligomerized compounds to precipitate out of the
fuel at a lower molecular weight (i.e. – earlier in the oxidation process).
Another possible effect paraffin blending could have on a fuel is to dilute the
compounds that are responsible for causing oxidative particulate matter to form. This
would include deposit precursor molecules such as the ones portrayed in scheme 1.1 as
well as radical initiators and peroxyl radicals. This would effectively slow the rate at
which oxidation takes place, thus lowering the amount of deposit that is formed.
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The supposition made of the data listed in table 1.10 is based upon previous work
(Jones et al., 1998) which has shown, as reproduced in figure 1.1, that blending paraffins
into typical jet fuels results in an improvement of thermal oxidative stability under mild
stress conditions. In figure 1.1, fuel 1 is Exxsol D-80 a paraffinic blend stream while
fuels 6, 7 and 8 are typical jet fuels. For this example, typical jet fuels are defined as the
~97% of fuels with minimal oxidative reactivity include filtration times less than 11
minutes. Mild stress conditions are defined as less than 12 minutes under the 185°C
isothermal stress conditions reported in figures 1.1 and 1.2. Figure 1.2 suggests that a 1/1
typical jet fuel/paraffin blend enhances thermal oxidative stability at twelve minutes to
about 30% that of the JP-8+100 additive package. Oxidative stability enhancement by
paraffin blending can be explained by dilution of monomeric deposit precursors.

Figure 1.1. Changes in surface fouling on stainless steel tubing in flow reactor runs at 185C (isothermal
conditions) with typical jet fuels (fuels 6-8) after paraffin blending (fuel 1 is Exxsol D-80). From (Jones et
al., 1998).
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Figure 1.2. Changes in surface fouling on stainless steel tubing in flow reactor runs at 185C (isothermal
conditions) with a typical jet fuel (fuel 8) resulting from additives and paraffin blending (fuel 1 is Exxsol
D-80). From (Jones et al., 1998).

Taken as a whole, this and recent blending work suggests that globally modifying
commercial jet fuel specification methods to include refinery particulate mass and
filtration time, as currently done with military jet fuels, might enable selective paraffin
blending to improve global fuel thermal oxidative stability; improvement may allow
commercial airlines to increase fuel filter life and decrease operational costs. In addition,
a likely expansion of gas to liquid (GTL) technology in the future, due to global shale gas
commercialization, will likely increase Fisher-Tropsch kerosene production for blending
use.
Additionally, it was suggested that jet fuel PM reported in PQIS data is composed
of both dirt and oxidative deposit formed upon brief ambient storage during storage and
handling. It is likely that both dirt and oxidative deposits effect fuel filtration time. It
was also suggested that in 2002-2003 significant quantities of oxidatively reactive crudes
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where introduced globally for the first time. It was suggested that JP-8 produced from
these crudes produce traces of oxidative material during handling and storage. This led
to the suggestion that use of Jet A-1 produced from such crudes may have produced trace
oxidative deposits in the FOHE and (along with dirt) likely caused most of the observed
increase of in-flight filter blockages in the early 2000s.
It was also suggested that the nature of the oxidative deposit, not necessarily its
mass, is highly important as has large effects on fuel filtration time. Tarry material,
formed form oxidative deposit of low molecular weight, appears to be most effective in
lengthening fuel filtration times. This suggests that fuel polar aromatic compounds are
responsible for both promoting oxidative deposits (Bhan et al., 1988) and determining the
size of the initial deposit molecule through solvation effects. The precipitated molecule
then agglomorates, to form different size oxidation deposit particles. This hypothesis is
significant since it can explain why most of the filters examined from the early 2000s
commercial in-flight filter blockages had only traces of hydrocarbon matter present. The
hypothesis suggests that traces of low molecular weight oxidative deposit molecules can
form particles that efficiently produce filter blockage incidences. The presence in the
filter of trace organic deposits can be easily over looked by a larger amount of
“background” filter debris such as dirt.
This hypothesis also provides new insights in terms of evaluating the oxidative
reactivity of jet fuels. Future changes in the nature of jet fuels, such as the introduction
of petroleum/bio-blends (i.e. hydroprocessed renewable jet [HRJ] fuel) will have an
effect on the chemical nature of fuels. The presence of bio-derived oxidation initiators in
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HRJ, such as traces of allylic hydrogen atoms of alkenes (Heneghan & Zabarnick, 1994),
even at ppm level, may promote fuel oxidation at low temperatures.
As can be seen, fuel stability is a very important aspect of fuel quality. The
complexity of this problem is daunting, however a more thorough understanding of the
chemical aspects of thermal oxidatively induced deposit could lead to better fuels. The
insight and understanding provided by the SMORS mechanism may provide new
approaches to address middle distillate oxidative degradation.
explored in greater detail.
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This theme will be

Chapter 2: Exploring the Soluble Macromolecular Oxidatively Reactive
Species (SMORS) Mechanism with Jet Fuels.

2.1 INTRODUCTION

Thermal oxidative degradation of jet and diesel fuels has been an issue for many
years (Hardy & Wechter, 1990; Beaver et al., 2005; Sobkowiak et al., 2009; Hazlett,
1991). As discussed earlier, an increase of in-flight fuel filter blockages were anecdotally
noted in commercial aviation in the early 2000s and reported several years later (IATA,
2008; Wrigley & Hoskin, 2007; Jones, 2008; Beaver et al., 2009). Additional anecdotal
evidence suggests that these incidents are due to fuels simply being “dirty” (Jones, 2008).
This argument is consistent with the general absence of carbon compounds in the
elemental analysis for some filter deposits. However, an oxidation induced fuel viscosity
increase (i.e. a piezoviscosity effect) could also conceivably be consistent with the
absence of hydrocarbon deposits in the fuel filter (Beaver et al., 2009). The “dirty” fuel
hypothesis suggests that in 2002-2003 the fuel handling system globally was having
problems providing clean, dirt free, fuel. In the early 2000s there was a change in the
fuel system from previous years, when there were a “normal” number of in-flight filter
blockage incidents and jet fuels were by and large dirt free. It is possible that replacing
fuel filters more frequently has decreased the incidence of this problem. However, this
does not directly address the potential oxidative instability of certain jet fuels. It merely
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masks the issue. For this reason, a better understanding of the nature of oxidative deposit
formation from jet fuel is warranted and is explored in this chapter.
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Scheme 2.1: Mechanistic Hypothesis Used to Rationalize the Chemistry of Jet Fuel Thermal Oxidative Deposit Formation.

+ ROO

O

O

O

O

O

OH

+ ROOH

K1
Step 1

ROO
H

OH

OOR

O

N
H

27

2 ROO
[1a]
(C21H19NO2) Step 5a

N
H
[1a]
(C21H19NO2)

N
H

[1a] + [2b]

OH

O

O

OH

O
EAS
Step 4a

+ ROH

Step 3

Step 2

HO

O

N
[1b]
H
(C21H27NO2)

EAS
Step 4b

N
H

O

O

O

[2a]

2 ROO
Step 5b

N
H
[2b]

Step 6b

Step 6a
Oxidation

O

Oxidation
O

O
O
(C21H20NO2)

N
H

[1b]
(C21H27NO2)

[1b] + [2a]
EAS

EAS

N
H

O

A brief synopsis of scheme 2.1 above is that compounds on the ppm concentration
level undergo electrophilic aromatic substitution, forming larger, conjugated molecules.
This is initiated via a peroxyl radical (due to its relative selectivity). Ultimately, the
larger molecules become too large and polar to remain solvated in the fuel and precipitate
out as oxidized deposit. This chapter focuses on the use of flask oxidation to test this
SMORS hypothesis.
2.2 EXPERIMENTAL
1

H and

13

C NMR spectra were obtained using Bruker Avance 400 MHz spectrometers.

iNMR software was used to generate images NMR spectra. Filter images were generated
using a Hitachi S3400n scanning electron microscope coupled with an energy dispersive
spectrometer. For GC-MS analysis, a Varian 3900 GC connected to a Varian Saturn
2000 GC-MS was used. A 1.0 μL sample was injected neat using a Varian CP-8400
autosampler, with an injector temperature of 250°C.

The column used was a

FactorFour™ VF-35ms, 30 m, 0.25 mm, 0.25 μm capillary column. Electron Ionization
was used, with a mass to charge range of 40-650. The GC program used had an initial
temperature of 50°C with no hold. The temperature was then ramped to 290°C at a rate
of 8.0°C/min with a 5.00 minute hold upon reaching 290°C. A split ratio of 30:1 was
used. A filament delay of 5.50 minutes was applied to the MS program. A Thermo
Electron Corporation Nicolet 380 solid/liquid FT-IR was used. OMNIC version 7.2a
software was used to analyze FT-IR data.

2.2.1 Materials
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Dodecane, decane and hexane were purchased from Sigma Aldrich and used as
received. Methanol was purchased from Alfa Aesar and used as received. 2,4Dimethylpyrrole (DMP) was purchased from Sigma Aldrich and purified by Kugelrohr
distillation. After distillation, DMP was purged with argon and placed in a 10 mL
volumetric flask capped with a glass stopper, parafilmed, wrapped with aluminum foil
and stored in a refrigerator. Note that despite these precautions, the DMP still slowly
oxidizes to a light brown color, to, among other products, 2-hydroxy-2,4-dimethyl-1Hpyrrol-3(2H)-one. 1,1‟-azobis(cyclohexane-carbonitrile) (ACHN) was purchased from
Sigma Aldrich and used as received. The various jet fuels were obtained from the
Wright-Patterson Air Force Base (WPAFB) in Dayton, Ohio and from the Intertek
laboratory in Robinson, Pennsylvania. Table 2.1 shows specifications from WPAFB
fuels. The fuels listed in this table all met applicable specifications. The PARC additive
(Gül et al., 2009) was obtained from the Pennsylvania State University‟s EMS Energy
Institute and was passed through a column of silica gel prior to each use.
Table 2.1: Select Specification Data of Jet Fuels Examined (data from Askoy et al.,
2009).
4877a
2827b
2827c
4751d
0
0
2
0
Thermal stability @ 260°C; change in pressure, mm Hg
Thermal deposit rating
<1
<1
1
1
Existent gum (mg/100 mL)
0.4
<1
2
<1
Particulate matter (mg/L)
0.3
0.3
0.7
0.7
Filtration time (min)
5
4
26
4
Aromatics (% vol.)
19.2
19.2
17.4
19.6
Smoke Point (mm)
25.0
25.0
26.0
22.0
Total Sulfur (mass %)
0.01
0.06
0.08
0.04
Hydrogen content (% mass)
13.5
13.8
13.8
13.8
API gravity
46.1
45.2
43.8
44.5
a
Laboratory Test Report, POSF-4877, 3/7/2007, Department 13 SA-ALC/AFTLA, Wright-Patterson AFB.
b
Laboratory Test Report, POSF-2827, 8/2/2007, Department 13 DA-ALC/AFTLA, Wright Patterson AFB.
c
Laboratory Test Report, POSF-2827, 8/17/2000, Department 13 SA-ALC/AFTLA, Wright-Patterson
AFB. d Laboratory Test Report, POSF-4751, 2/14/2008, Department 13 SA-ALC/AFTLA, WrightPatterson AFB.
Characteristic
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2.2.2 Flask Oxidation

A 30 mL sample of jet fuel was filtered using a Whatman 934-AH, grade 691,
particle retention size of 1.5 μm filter using a water aspirator to remove particulate
matter. After this was done several times for each fuel and no solid was detected by
vacuum filtration, this step was omitted. The fuel sample was then placed into a 100 mL
3-neck round bottom flask equipped with a reflux condenser, a thermometer and a gas
delivery pipette. The equipment was wrapped with aluminum foil in order to exclude
light. If any desired dopant was required, it was placed into the sample at this time. The
sample was then placed under an argon purge and placed into a heated oil bath. Once the
fuel temperature stabilized at the desired temperature (usually 20-30 min), the argon
purge was replaced with an oxygen purge (or air) for the desired time with the flow
ranging from 40-60 mL/min. For reference, the nominal dissolved oxygen concentration
for air-saturated jet fuel is 70 ppm (Ervin & Williams, 1996). After the allotted time the
oxygen purge was replaced with an argon purge to quench the reaction. The flask was
removed from the oil bath and allowed to cool to 30°C. The cooled fuel was filtered
through a pre-weighed filter (same type as above).
The filtrate was placed into a 125 mL separatory funnel and the filter was washed
with 5 mL hexane to remove any residual fuel from the filter. The filter was dried for
two hours at 80°C, and then it was cooled to room temperature and reweighed to
determine the amount of Thermally Oxidized Deposit (TOD).
The filtrate in the separatory funnel was extracted with 12 mL of methanol (a 5:2
fuel to methanol ratio was used). In order to make sure there was an adequate separation,
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the separatory funnel was allowed to sit for one hour with occasional gentle swirling.
After one hour, the methanol layer was collected (note: depending on what fuel was
being analyzed, the methanol layer could be either the top or the bottom layer) in a preweighed 50 mL round bottom flask and concentrated using a rotary evaporator heated at
50°C for 15 minutes. The round bottom was allowed to cool to room temperature then
reweighed and the difference yielded the mass of the soluble macromolecular oxidatively
reactive species (SMORS) solution. To this solution was then added 13 mL of hexane to
induce precipitation.

The hexane mixture was immediately filtered through a pre-

weighed filter (same type as above). The filter was dried at 80°C for 30 minutes, cooled
to room temperature and weighed to determine the extractive induced precipitate (EIP).

2.2.3 On-Water Synthesis of SMORS (Zhang et al., 2006)

A 2:1 molar ratio of benzoquinone and 2-methylindole was added to a 50 mL
Erlenmeyer flask. 10 mL of deionized water was added to the flask along with a stir bar.
The mixture was then stirred vigorously while open to the atmosphere at room
temperature. Throughout the first hour of the reaction, the mixture slowly changed to a
purple color. After 12 hours the purple mixture was extracted with ethyl acetate (10 mL)
twice followed by drying with magnesium sulfate. The resulting purple crude ethyl
acetate solution contained the two starting materials along with the corresponding
hydroquinone, quinone and hydroquinone dimers as verified via GC-MS (figure 2.7).
In order to better model a jet fuel, the ethyl acetate was removed on a rotary
evaporator and replaced by toluene. Toluene was chosen because it is an aromatic
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hydrocarbon that can be found naturally in jet fuels. Prior to doping studies the toluene
solution was filtered twice to ensure absence of deposit. GC/MS analysis of the toluene
solution upon standing over night did not reveal the presence of dimeric products.
Reactions testing the effects of the purple toluene solution involved 25 mL of the
fuel being tested and 5 mL of the toluene solution. This offered a typical hydrocarbon
solution with 20% aromatic content. 2000 ppm ACHN and a minimal amount of ptoluonic acid were added to ensure reaction.

2.3 RESULTS AND DISCUSSION

2.3.1 Oxidation Trends

The oxidation of jet fuel utilizing tubing bomb methodology has been previously
examined (Song et al., 1993; Aksoy et al., 2009).

The present study utilizes flask

oxidation to limit the effect of stainless steel surface catalysis. In order to gain insight
into the nature of deposit formation, jet fuels were systematically stressed between 95 –
165°C for a time ranging from 30 to 300 minutes as reported in table 2.2. The work
initially focused at 95°C for 30 minutes with an air (or oxygen)-flow of approximately 40
mL/min. These conditions approximate typical thermal oxidative stress for commercial
aircraft in the fuel oil heat exchanger (FOHE) during slow idle descent (i.e. landing). It is
likely that trace amounts of thermal oxidative deposit (TOD) generated in fuel under
these stress conditions contribute (along with dirt that either eluded the filtration system
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or was introduced in between filtering stages) to fuel filter blockages after hundreds of
hours of flight.
A general, arbitrary two-category characterization of fuel oxidative reactivity was
worked out to describe the fuels. Fuel that produced minimal to no TOD (<0.3 mg/30
mL fuel) was labeled as stable. Fuel that led to higher amounts of TOD (≥0.3 mg/30 mL
fuel) was described as reactive. To put this in context, the ASTM D5452 standard test
method for particulate contamination in aviation fuels is 1.0 mg/L, which is extrapolated
to 0.03 mg of particulate matter per 30 mL of fuel.

This test method provides a

gravimetric measurement of the particulate matter present in a sample of jet fuels. The
goal is to minimize contaminants and avoid filter clogging.
As a prelude to analysis of the results presented in table 2.2 a review of middle
distillate oxidative degradation is in order. Fuel oxidation is likely to involve a peroxyl
radical chain mechanism, with initiation, propagation and termination steps (Sobkowiak
et al., 2009; Beaver, 1999). Oxidative deposition can occur via the pathway outlined in
scheme 2.1 but other pathways may be possible (Commodo et al., 2011). In the presence
of a high concentration of natural antioxidants the rate of fuel oxygen consumption is
slower because the peroxyl radical chain is inhibited (Jones et al., 1996). The indigenous
oxidized phenolic antioxidants (e.g. quinones) react to grow their molecular weight
through the deposit precursor range into larger fuel deposits. However, a fuel that does
not have significant amounts of natural antioxidants (e.g. phenols and thiols) will exhibit
rapid oxygen absorption with minimal deposit formation. This is the typical behavior of
severely hydrotreated middle distillate fuels (Heneghan & Zabarnick, 1994).
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Table 2.2: Oxidative Stability of Select Jet Fuels.

30

TOD
(mg/30
mL)
0.0
0.0

EIP
(mg/30
mL)
0.0
0.3

RT

-

0±0

0±0

1.127 ± 0.009

-

165

30

-

RT

-

Stable
Reactive

O2
-

-

95
RT

300
-

4877

Reactive

O2

-

165

30

0.1
0.1 ±
0.2
0.0
0.0
3.6 ±
1.2

1.095

-

0.1
0.0 ±
0.1
0.0
0.0
0.7 ±
0.1

9

2827

Reactive

Air

2000
ACHNb

165

30

0.3

0.3

1.122

10

2827

Reactive

-

100

RT

-

0.0

0.0

1.085

11

2827

Reactive

O2

100

95

30

0.5 ±
0.7

1.2 ±
0.3

1.807 ± 0.029

12

2827

Reactive

O2

10

95

30

0.1

0.0

1.212

13

4751

Stable

O2

7.36

95

30

0.3 ±
0.1

0.2 ± 0

1.085 ± 0.021

14

4751

Stable

O2

14.7

95

30

0.1

0.2

1.109

15

4751

Stable

O2

29.4

95

30

0.3

0.2

1.059

Entry

Fuel

Category

Oxidant

Additive
(ppm)a

Temp
(°C)

Time
(min)

1
2

2827
2827

Stable
Stable

O2

-

RT
165

3

88

Stable

-

-

4

88

Stable

O2

5

43

Stable

6
7

43
4877

8

a

SMORS
(g/30 mL)
1.104
1.055

1.133 ± 0.003
0.992
1.119
1.421 ± 0.103

b

Additive ppm with respect to nitrogen via 2,4-dimethyl pyrrole; ACHN: 1,1-azobis(cyclohexanecarbonitrile), 2000 ppm by weight.

In table 2.2, entry 2, the flask methodology is used to examine the thermal
oxidative stability of an unhydrotreated Jet A fuel 2827. This specification quality fuel is
classified as a stable fuel since <0.3 mg/30 mL of TOD is generated upon stressing.
Most fuels under brief periods of stress (e.g. 30 minutes at either 95 or 165°C) result in
slight decreases in SMORS solution mass, compared to unstressed fuel, for unknown
reasons. Some of the higher molecular weight products formed in scheme 1 are extracted
into methanol and detected as trace amounts of extractive induced precipitate (EIP).
With fuel 2827, 0.3mg/30 mL fuel of EIP is detected. In the SMORS hypothesis EIP is
rationalized as thermal oxidative deposit (TOD) precursors (i.e. largest structure in
scheme 2.1 is an EIP).

Hardy and Wechter have presented size exclusion
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chromatography and vapor pressure osmometry data suggesting EIP is 500-900 Da
(Hardy & Wechter, 1990).
This suggestion is contrary to results recently reported (Commodo et al., 2011) for
EIP from an oxidized Jet A-1. ESI-MS data for a methanol extract of this fuel is
consistent with the formation of dimeric oxidation products in the 250-400 Da range. The
absence of higher molecular weight compounds is suggested to be the result of EIP
dilution by methanol used to extract the oxidized fuel in the SMORS methodology. It is
proposed that higher molecular weight entities, such as those observed by Hardy and
Wechter, may be composed of „aggregated‟ low molecular weight EIPs. This interesting
hypothesis suggests that TOD is composed of „rapidly‟ aggregating EIP that is isolated
by filtration of the oxidized jet fuel. In contrast, non-aggregating EIP would pass through
the filter and be extracted into methanol during the isolation of the SMORS solution.
Addition of hexane to the SMORS solution, after methanol removal, would „speed‟ up
EIP aggregation yielding filter deposit. It is possible that the varying nature of oxidized
products in fuels, combined with the solvating nature of the fuel, would have
considerable effect on aggregation rates of EIP molecules.
Two flight-line fresh Jet A-1s were found to be stable fuels in entries 3-6 in table
2. These results are in contrast to oxidation of fuel 4877, which is a reactive JP-8,
reported in entry 8. TOD in the amount of 0.7 mg/30 mL of fuel is formed upon stress of
4877. Also in entry 8, it is revealed that EIP in the amount of 3.6 mg/30 mL of fuel is
formed upon stress. Typically, oxidatively reactive jet fuels exhibit an increase in
SMORS solution mass, which entry 8 reports as approximately 300 mg/30 mL of fuel.
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To rationalize the chemical reasons for differences between oxidatively reactive
and stable jet fuels and the significant increase in SMORS solution mass for reactive
fuels, the mechanism of middle distillate oxidative degradation must be further explored.
Two prerequisites are required for a reactive fuel: first, sufficient initiator concentration
must be present to form peroxyl radicals that promote oxidation reactions and, second,
deposit precursors must be present. Consistent with this view, entry 9 of table 2.2
suggests addition of an azo initiator (ACHN) to fuel 2827 converts it from a stable fuel
into a reactive fuel based upon TOD formation. Thus, lack of sufficient “natural” initiator
in fuel 2827 is likely the reason this fuel is a stable fuel.

2.3.2 Testing the SMORS Mechanism

A fuel‟s indigenous antioxidants are the primary site of reaction with peroxyl
radicals (Heneghan & Zabarnick, 1994; Beaver, 1999) and thus limit oxygen
consumption by inhibiting the peroxyl-radical chain length (Jones et al., 1996).
However, if a reactive fuel has a low concentration of indigenous phenols, or a significant
increase in initiation rate, due to heating say, these phenols will have a limited capacity to
protect the second most reactive compounds, alkyl-substituted aromatics. These
compounds are prone to hydrogen abstraction by peroxyl radicals and are typically
present in high concentrations, 8-25% total aromatics, in petroleum derived jet fuels.
Benzylic hydrogen atoms on these compounds are readily converted into hydroperoxyl
functional groups by standard peroxyl radical chain chemistry.

Subsequently, these

hydroperoxides under the typical conditions of fuel thermal oxidative stress can fragment
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into aldehydes and ketones or, in the presence of trace acids, rearrange to form both
phenols and ketones (Kendall & Mills, 1986). These phenols and ketones are primary
contributors to the increase in SMORS solution mass observed upon oxidation in reactive
fuel 4877. This hypothesis is supported by the following experiments.
The first experiment addresses the ability of phenols and ketones, likely formed
through alkyl aromatic oxidation and rearrangement, to affect SMORS solution mass. A
semi-quantitative demonstration of this interesting phenomenon is presented in figure 2.1.
When 30 mL of neat dodecane is extracted with 12 mL of methanol and concentrated by
rotary evaporation, 551 mg of SMORS solution is afforded. If 5 mL of dodecane is
replaced with 5 mL (0.0478 mol) of m-cresol and extracted as above, the SMORS
solution mass increases by nearly seven grams, to 7.287 g. The same experiment with 5
mL (0.0483 mol) of cyclohexanone as a representative ketone, yields a SMORS solution
mass increase of approximately four grams to 4.134 g. In figure 2.1, the effect on the
SMORS solution mass increase per mole of m-cresol and cyclohexanone along with
several other compounds of interest are illustrated. These compounds were chosen based
on their potential to be present in fuels, their polarity as well as to sample a range of
compounds with varying hydrogen bond capacity and aromaticity.

Presumably, the

ability of a molecule to form strong hydrogen bonds with methanol determines its ability
to be extracted into methanol.

In contrast, 5 mL (0.0654 mol) of isopropanol, a

representative aliphatic alcohol, increases SMORS solution mass to 1.708 g.

These

results from isopropanol suggest there is more to it than simple hydrogen bonding
capability.
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What these results seem to indicate is that compounds that are aromatic or have a
π-electron system that also have the ability to hydrogen bond (Zhang et al., 2005) have
the largest impact on a methanol extraction. From a fuel‟s standpoint, this is intriguing
because phenolic compounds are the most prolific types of polar compounds naturally
found in fuels (Striebich et al., 2009). It is interesting to note that the commercial
preparation of phenol involves the reaction between a peroxyl radical and a compound
containing a benzylic hydrogen. Both of these can be found in jet fuels. Given that, it is
plausible to speculate that the formation of phenolic compounds from peroxyl radicals
reacting with compounds containing a benzylic hydrogen can take place and increase
observed SMORS solution values.
The second experiment is a model experiment designed to examine the conversion of an
alkylbenzene into an organic hydroperoxide and then onto phenol and quinone. In figure
2.2.a is presented GC/MS data for formation of an organic hydroperoxide and traces of
phenol (~1654 ppm) and its oxidation product 1,4-benzoquinone (~12 ppm) formed upon
stressing an air saturated 80/20 volume percent mixture of 1,2-dichlorobenzene and
cumene at 165°C for 5 hours. In figure 2.2.b MS evidence for cumene hydroperoxide,
phenol and quinone formation is presented.
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Figure 2.1: Dopant effects on SMORS solution mass increase compared to neat dodecane. Y-axis is mass of SMORS solution per
mole. (SMORS value for neat dodecane: 0.551 g) Dopants include (from left to right): benzene, tetrahydronaphthalene,
chlorobenzene, isopropyl alcohol, naphthalene, anisole, 1,2-dichlorobenzene, 1,4-dichlorobenzene, cyclohexanone, fluorenone, 2,3,5trimethylhydroquinone, quinolone and m-cresol.
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Figure 2.2.a.i: TIC of 1,2-Dichlorobenzene:Cumene (80:20) stressed for 5 hrs. at 160°C under a constant
flow of 100 ml/min of air, with tetradecane as internal standard. A: p-Benzoquinone, B: Cumene, C:
Phenol, D: 1,2-Dichlorobenzene, E: Cumene Hydroperoxide, F: C14 internal standard.

A

Fig 2.2.a.ii) The magnified TIC of Dichlorobenzene: Cumene (80:20) at T= 5.05 to 5.7min displaying pBenzoquinone (A).

The third set of experiments involve characterization of both a stable and a
reactive jet fuel and its TOD by FT-IR as well as proton and carbon NMR, shown in
figures 2.3, 2.4 and 2.5.

The reactive fuel 4877 has sufficient natural initiator

concentration to promote the oxidation of fuel benzylic compounds, upon thermal stress,
into hydroperoxides and then onto carbonyl compounds and phenols. In figure 2.3.a the
appearance of a carbonyl peak is noted, in the SMORS solution and in the final TOD that
is a brown tarry substance. There is also an indication of trace amounts of phenolic –OH
compounds present in the TOD.
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Fig 2.2.b: The mass spectral evidence of A: p-benzoquinone, C: phenol and E: cumene hydroperoxide.

In addition, figure 2.3a suggests that fuel oxidation produces a carbonyl region
that contains two distinctly different types of carbonyl structures.

The first type,

observed as the major functional group at ~1700 cm-1, is primarily simple ketones and
aldehydes. A second type of structure at much lower concentration, is partially obscured
by the more intense ketone stretch, is suggested to be an indole/quinone coupling
structure similar to those shown in scheme 2.1. Such indole/quinone coupling products
are known to have two to three different carbonyls in the range of 1690-1550 cm-1
(Zhang et al., 2006). The small peak observed at 1600 cm-1 is consistent with the
findings of Zhang, et al.
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Figure 2.3a: FT-IR spectra of jet fuel at various stages of oxidation: Red – Unstressed; Purple – Stressed; Blue – SMORS; Magenta –
TOD.
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Figure 2.3b: FT-IR Spectra of Stable Jet Fuel 88 at Various Stages of Oxidation: Blue – Unstressed; Red – Stressed.

500

Also consistent with carbonyl formation upon oxidation is the

13

C NMR of fuel

4877. The appearance in figure 2.4 of multiple small peaks in the range of 161-214 ppm,
which is within the expected chemical shift range for both indolylquinones (Zhang et al.,
2006) and ketones, supports their formation upon oxidation. Frequently, the

13

C

resonance is weak from carbonyl compounds (Silverstein et al., 1981). This effect, in
addition to the low concentration of these compounds makes it difficult to distinguish the
carbonyl peaks from the base line in the oxidized fuel in figure 2.4.
A detailed study has been reported (Kendall & Mills, 1986) of three different
reactive jet fuels in which a linear correlation between carbonyl formation and
absorbance at 500 nm was noted upon oxidative stress. Recent observations show the
formation of colored compounds upon fuel oxidation (Commodo et al., 2010). It should
be noted that the presence of color can be attributed to the formation of carbonyls as well
as to electron delocalization through conjugation. Contrary to these observations figure
2.3b shows no evidence of carbonyl stretching upon oxidation of fuel 88, indicating
stability towards thermal oxidation. This data suggests that insufficient initiators are
present in fuel 88 to promote detectable carbonyl formation upon oxidative stress, as
opposed to fuel 2827.
In addition to the spectroscopic information provided by FTIR and
fuels and oxidized fuels described above,

1

13

C NMR of

H NMR can also provide interesting

information. The 13C and FTIR spectra above provide evidence suggesting the formation
of carbonyl compounds as a result of thermal oxidation. The 1H NMR data in table 2.3
report the change in the ratio of aromatic versus aliphatic regions upon oxidation of fuel
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Figure 2.4: Carbon-13 NMR Spectra of Jet Fuel 4877 at Various Stages of Oxidation. (bottom): Unstressed; (middle): Stressed; (top):
TOD.
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Figure 2.5: Proton NMR Spectra of Jet Fuel 4877 at Various Stages of Oxidation (from bottom to top): Unstressed, stressed, SMORS
solution, TOD (the peak at 3.31 ppm in the SMORS solution is residual methanol).

4877. It can be seen in the 1H NMR spectra (figure 2.5) that the aromatic region becomes
more prominent as a function of oxidation. The fact that the aromatic region in the TOD
becomes very broad is consistent with the formation of highly conjugated aromatic
heterocyclic compounds upon oxidation as shown in scheme 2.1 (Silverstein et al., 1981).
It should be acknowledged it‟s possible that a portion of the carbonyl compounds formed
upon oxidation of 4877 are volatile and escape the flask reactor during thermal stressing
(despite the presence of an attached reflux condenser), thus artificially increasing the
aromatic proton concentration.
Table 2.3: 1H NMR Aromatic:Aliphatic Ratios for Fuel 4877 as a Function of
Oxidation.a
Fuel 4877
Aromatic:Aliphatic Ratio
Unstressed
1:592
Stressed
1:36
SMORS Solution
1:14
TOD
1:7
a

165°C, 300 min, constant O2 flow rate 42 mL/min.

Middle distillate fuels also oxidize under ambient conditions. While this is not a
problem for most fuels, occasionally some fuels oxidatively degrade rapidly during
ambient handling and storage.

The best examples of this with both jet (Kamin &

Nowack, 1991) and diesel (Williams et al., 2007) fuels have been provided by the U.S.
Navy. With that in mind, it is appropriate to note fuel 2827 has been in storage for close
to 20 years at Wright Patterson Air Force Base. When the fuel was “young” it had a low
passing JFTOT break point (266°C) and produced large amounts of oxidative deposit in
both flask oxidation and flow reactors such as the Phoenix rig, gravimetric JFTOT and
the multipass heat exchanger (Heneghan & Zabarnick, 1994). Presumably over many
years of ambient storage the concentration of indigenous initiators in the fuel have
declined to the extent that this fuel now behaves as a stable fuel. It is interesting to note
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that after so many years of storage 2827 is still fit for use based upon specifications
reported for 2007 in table 2.1.
It has been suggested previously that substituted pyrroles could serve as “natural”
oxidative initiators for middle distillates (Beaver et al., 1994). Alkylpyrroles are well
known oxidative deposit promoters and are known to mechanistically oxidize by both
peroxyl-radical chain and non-chain pathways (Beaver et al., 1998). To further test this
idea, in table 2.2, experiment 11, fuel 2827 is transformed into a reactive fuel by doping
with 100 ppm of 2,4-dimethylpyrrole. The presence of oxidized DMP as both TOD and
EIP is likely in experiment 10. However, since complete oxidation of DMP into its likely
oxidation product (Beaver et al., 1994) should yield a mass increase of less than 30 mg,
the 800 mg increase in SMORS solution mass observed suggests alkylpyrroles are potent
oxidation initiators for peroxyl-radical chain chemistry. This observation, coupled with
the previously mentioned experimental observation that 2,4-dialkylpyrrole oxidatively
degrades upon refrigerator storage, suggests that alkylpyrroles can initiate fuel oxidative
degradation under brief periods of ambient storage.
It stands to reason that if the proposed mechanism in scheme 2.1 were correct, the
addition of deposit precursors such as 1a & b and 2a & b would have a large effect on the
amount of oxidized deposit formed. Since this mechanism describes the coupling of an
electrophile (quinone) with a nucleophile (carbazoles or indoles), the exact molecules
illustrated are not needed; only molecules with a similar reactivity are required.
With that in mind, 2-(2-methyl-1H-indole-3-yl)cyclohexa-2,5-diene-1,4-dione
(QD) and 2-(2-methyl-1H-indole-3-yl)benzene-1,4-diol (HD), shown in figure 2.6, were
synthesized using “on water” chemistry (Zhang et al., 2006) for the purpose of testing the
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effect of doping such compounds into a stable fuel on deposit formation. GS-MS data of
the crude reaction product from the “on water” reaction is in figure 2.7. The retention
times are 13.2, 28.2 and 31.1 minutes for hydroquinone, QD and HD, respectively, along
with the two starting materials, quinone at 6.8 and 2-methyl indole at 15.3 minutes. After
24 hours of ambient storage GC-MS analysis indicated the absence of the dimerized
products as well as a decrease in the concentration of the starting materials (data not
shown). Presumably the disappearance of the “on water” HD and QD dimers under
ambient storage is due to their conversion to larger molecular weight products, which
cannot pass through the GC-MS column.
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Figure 2.6 (top left to bottom right): Quinone; Hydroquinone; 2-methylindole, 2-(2-methyl-1H-indole-3yl)benzene-1,4-diol (HD); 2-(2-methyl-1H-indole-3-yl)cyclohexa-2,5-diene-1,4-dione (QD); 1,1‟
Azobis(cyclohexane-carbonitrile).
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Figure 2.7a: TIC of “on water” synthesis.
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Figure 2.7b: MS fragmentation pattern of Quinone Dimer product.
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Figure 2.7c: MS fragmentation pattern of Hydroquinone Dimer product.
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The results of spiking jet fuel 43 with the synthetic “on water” SMORS mixture,
or SMORS precursors, are listed in table 2.4 experiments 2-6. These experiments were
run at either 90 or 95°C for one or five hours (see table 2.4) to simulate mild oxidation.
Entry 1 shows this extended mild oxidation of 30 mL of fuel 43 doesn‟t generate TOD
and/or EIP. Entry 2 shows mild oxidation for one hour of 25 mL of fuel 43 spiked with 5
mL of a filtered saturated toluene solution of 1,4-benzoquinone and 2-methylindole
results in formation of both TOD and EIP. In entry 3, 25 mL of the fuel is spiked with 5
mL of filtered “on water” toluene solution, a synthetic SMORS solution, prior to
stressing. Formation of significant amounts of TOD and EIP under the mild stress
conditions suggests that higher molecular weight indole/quinone oligomers, formed upon
ambient oxidation of the “on water” mixture, also promote oxidative deposit and
precursors. Entry 4 shows the effect of addition of 5 mL of a filtered toluene solution to
fuel 43 containing 2000 ppm of 1,1‟-azobis(cyclohexane-carbonitrile) (ACHN). Entries 5
and 6 suggest initiator decomposition causes significant increase in EIP generation when
the “on water” toluene solution (synthetic SMORS) is present in fuel 43. It is not clear
why significantly less TOD is formed in experiments 5 and 6 compared to experiment 3.
Table 2.4: Effect of Adding Synthetic SMORS Solution to Fuel 43.
Entry

Temp
(°C)

Time
(min)

TOD
EIP
(mg/30
(mg/30
mL)
mL)
0.0
0.0
*
0.4
0.2
A
1.0
2.4
b, c
0.0
0.4
a, b
0.4
6.3
a, b
0.1
5.5
mL (oligomer of benzoquinone & 2Additive

1
95
300
2
90
60
3
90
60
4
90
60
5
90
60
6
90
60
a
Synthetic SMORS Solution, 5
methylindole
b
2000 ppm ACHN by weight. cToluene, 5 mL.
*addition of 5 mL of a saturated solution of benzoquinone and 2methylindole
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The previously mentioned disappearance of the “on water” HD and QD dimers
under ambient conditions is due to their conversion to larger molecular weight products.
These molecules are still in solution (in the molecular weight range of EIP) since the
crude “on water” reaction solution is filtered prior to addition to fuel 43.

These

molecules then promoted oxidative deposit formation upon stress in fuel 43.
As mentioned previously the chemistry described in scheme 2.1 can account for
concentration of the fuel heteroatomic compounds in oxidative deposit. Consistent with
this is data pertaining to deposit formed upon stressing jet fuel 43 utilizing a scanning
electron microscope with energy-dispersive spectroscopy (SEM-EDS). This technique
takes advantage of the uniqueness of each element‟s X-ray emission resulting from
electron relaxation following exposure to a high-energy electron beam, allowing for the
identification and percentage estimation of elemental composition. The micrograph and
EDS spectra shown in figure 2.8 along with the data listed in table 2.5 display the
elemental composition of the thermal oxidative deposit for jet fuel 43.

The chief

elements are carbon, nitrogen, oxygen and sulfur, with a trace amount of silicon, likely
from the glassware used during stressing. These data also corroborates the SMORS
mechanism in that it provides evidence that the compounds mainly involved in deposit
formation are heteroatomic molecules containing oxygen, nitrogen and sulfur as is
depicted in scheme 2.1.
Table 2.5: Tabulated Energy-Dispersive Spectroscopy (EDS) Data for TOD Generated
from Fuel 43.
E1
C
N
O
Si
S
Total

Atomic
Number
6
7
8
14
16

Atom. C
(at. %)
85.21
1.75
11.45
0.05
1.55
100.00
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Error
(%)
9.9
0.9
2.4
0.0
0.2

Figure 2.8: Micrograph of thermal oxidative deposit (TOD) sample generated from fuel
43.
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Figure 2.9: Energy-dispersive spectra (EDS) corresponding to micrograph.
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Following in the line of the data presented in the introduction pertaining to
particulate matter and morphology (figures, experimental evidence is presented in figure
2.10 probing the nature of fuel oxidative deposit and filtration time utilizing the SMORS
methodology (Hardy & Wechter, 1994).

For figure 2.10, the data were generated

utilizing flask oxidation. A 30 mL jet fuel sample was placed into a 100 mL 3-neck
round bottom flask equipped with a reflux condenser, a thermometer and a gas delivery
pipette. The equipment was wrapped with aluminum foil in order to exclude light. If any
desired dopant was required, it was placed into the sample at this time (see table 2.6).
The sample was then placed under an argon purge and placed into a heated oil bath.
Once the fuel temperature stabilized at the desired temperature (usually 20-30 min), the
argon purge was replaced with an oxygen purge (or air) for the desired time with the flow
ranging from 40-60 mL/min. For reference, the nominal dissolved oxygen concentration
for air-saturated jet fuel is 70 ppm (Ervin & Williams, 1996). After the allotted time the
oxygen purge was replaced with an argon purge to quench the reaction. The flask was
removed from the oil bath and allowed to cool to 30°C. The cooled fuel was filtered
through a pre-weighed filter (Whatman 934-AH, grade 691, particle retention size of 1.5
μm glass microfiber filter) using a water aspirator. A stopwatch was used in order to
determine the filtration time.
The filtrate was placed into a 125 mL separatory funnel and the filter was washed
with 5 mL hexane to remove any residual fuel from the filter. The filter was dried by
placing it in a Thelco laboratory oven for two hours at 80°C, and then it was cooled to
room temperature and reweighed to determine the amount of Thermally Oxidized
Deposit (TOD). The filtrate in the separatory funnel was extracted with 12 mL of
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methanol (a 5:2 fuel to methanol ratio was used). This was done in order to isolate the
fuels polar compounds. After one hour, the methanol layer was collected in a preweighed 50 mL round bottom flask and concentrated using a rotary evaporator heated at
50°C for 15 minutes. The round bottom flask was allowed to cool to room temperature
then reweighed and the difference yielded the mass of the soluble macromolecular
oxidatively reactive species (SMORS) solution. To this solution was then added 13 mL
of hexane to induce precipitation. The hexane mixture was immediately filtered through
a pre-weighed filter (same type as above). As with the TOD, a stopwatch was used to
determine the filtration time. The times for both TOD and EIP filtration time were
normalized in order to directly contrast the two. The filter was dried at 80°C for 30
minutes, cooled to room temperature and weighed to determine the extractive induced
precipitate (EIP).
TOD and EIP filtration time per mL of solvent is plotted in figure 2.10 versus the
amount of solid from flask oxidation for two jet fuels under the conditions reported in
tables 2.6-8 (PARC

is a proprietary additive that

chemically

behaves as

tetrahydronaphthalene). It is evident that the curves describing filtration time verses
oxidative deposit mass diverge for TOD and EIP. It has been suggested a typical EIP has
a smaller particle size than a typical TOD particle (Hardy & Wechter, 1994). Thus, the
significantly greater ability of EIP to slow filtration can be attributed to its smaller
particle size being able to block a higher percentage of the filter pores. EIPs smaller
particle size would thus allow for deeper penetration into the filter.
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Figure 2.10. Filtration time verses mass of oxidative deposits isolated using the SMORS
protocol for two jet fuels stressed under the experimental conditions defined in table 2.6.
Table 2.6. Experimental parameters for flask oxidation of jet fuels and characterization
by the SMORS protocol.
Entry
Fuel
Temp (°C)
Time (min)
Oxidant
Additive
1
88
95
30
Air
Neat
2
88
165
300
Oxygen
Neat
3
88
165
300
Air
100 ppm N as DMP
4
88
165
300
Oxygen
100 ppm N as DMP
5
4877
165
30
Oxygen
1 mL SMORS Solution
1 mL SMORS
6
4877
165
30
Oxygen
Solution/1% PARC

Table 2.7. Relationship of SMORS protocol filtration time and extractive induced
precipitate (EIP) mass.
Entry
EIP (mg)
Filtration Time (sec)
Normalized (sec/mL)
1
0
3.00
0.20
2
0.5
3.00
0.20
3
0.7
3.81
0.25
4
1.3
4.32
0.29
5
9.9
22.65
1.51
6
8.9
42.75
2.85
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Table 2.8. Relationship of SMORS protocol filtration time and thermal oxidative deposit
(TOD) mass.
Entry
TOD (mg)
Filtration Time (sec)
Normalized (sec/mL)
1
0
8.00
0.27
2
0.5
7.87
0.26
3
6.5
13.62
0.45
4
16.4
19.20
0.64
5
0.1
8.09
0.27
6
0.1
7.16
0.24
A different experiment military jet fuel 4177 was stressed at 165°C for 120
minutes with an airflow of 48 mL/min. The TOD and EIP both yielded 1.6 mg/ 30 mL of
fuel 4177 by the SMORS methodology. Then the filters were analyzed via scanning
electron microscope (SEM). What can be observed is the morphological difference
between TOD and EIP. It is exceptionally telling because both samples yielded the same
amount of mass. The image in figure 2.11 depicts the TOD. A prolific amount of dry,
spongy material can be seen. In addition, there is some flat smoother type deposit that is
wrapped around filter fibers. This image is typical of the entire sample.
In contrast, the image in figure 2.12 shows the EIP. On this filter, there is
significantly less deposit observed. What can be seen appears to be oily spheres adhering
to the filter fibers. Like the TOD, there is also some smooth, flat type deposit. This
image is also typical of the entire sample. It is obvious that the morphologies are
different. Since these two samples yielded the same amount of mass, it can be inferred
that the EIP deposit has penetrated deeper into the filter. The same filter type was used
for both samples: a Whatman 934-AH, grade 691, particle retention size of 1.5 μm filter.
These observations agree with the idea EIP is comprised of a smaller particulate size on
average than TOD. It also agrees with the observation shown in figure 2.10. If EIP is a
smaller particulate size and they are able to penetrate deeper into a filter, it is conceivable
that EIP could have a larger impact on filtartion times than TOD.
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Figure 2.11: SEM image of TOD generated from fuel 4177. Both TOD & EIP generated 1.6 mg/30 mL fuel.
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Figure 2.12: SEM images of EIP generated from fuel 4177. Both EIP & TOD generated 1.6 mg/30 mL fuel.

One final aspect is delved into here, that being the idea of paraffin blending
inhibiting deposit. With this in mind, experimental evidence is presented here in support
of this concept. Table 2.9 contains a compilation of SMORS methodology data for
oxidatively degrading 4877 along with appropriate control experiments.
Table 2.9. Cycle Study of Fuel 4877.
Cycle Cycle
Cycle
A
B
C
TOD (mg/30mL fuel)
0
0
0
EIP (mg/30mL fuel)
0
0
0
SMORS Solution (mg/30mL fuel) 1220
838
692

Cycle
D
0.9
4.4
1442

Cycle
E
0.8
1.9
995

Cycle
F
0.5
0.9
765

These data were generated in the same manner as described above (tables 2.62.8), with the exception of using 60 mL of fuel initially compared to 30 mL. Cycles A-C
represent sets of data collected with the fuel remaining at room temperature. In cycle A,
60 mL of this fuel was saturated with oxygen and kept at room temperature as a control.
After 30 minutes, 30 mL of the fuel was worked up to yield the SMORS methodology
data reported in cycle A. The remaining 30 mL of fuel was then blended with 30 mL of
dodecane followed by SMORS analysis and reported in cycle B. Another iteration of this
cycle was reported in cycle C. In cycle D a new stress cycle, at 165°C, was started with a
fresh 60 mL of oxygen-saturated 4877 for 30 minutes. SMORS methodology workup of
30 mL of fuel yielded 0.9 mg of TOD, 4.4 mg of EIP and 1,442 mg of SMORS solution.
Compared to the cycle A data two changes are apparent. First the formation of oxidative
deposit (TOD) and soluble deposit precursors (EIP) is evident. Second, approximately
250 mg of soluble polar oxidation side products have formed and are detected as SMORS
solution mass.
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In scheme 2.2 is presented a simplified SMORS mechanism to illustrate the
proposed relationship of the key SMORS intermediates and the chemistry of fuel
degradation occurring during cycle D. During the initial stress indigenous phenols are
oxidized to quinones (B) in steps 1-4.

In step 1 an indigenous initiator thermally

decomposes to ultimately generate carbon-centered radicals. The details of this step are
unknown but it is likely that step 1 requires multiple steps (Beaver et al., 1994; Beaver et
al., 2000). If the fuel contains residual organic hydroperoxides and metals, Fenton type
chemistry (Beaver et al., 1991) can account for carbon centered radical formation.
However, such a mechanism does not address the origin of the residual hydroperoxide. In
step 2 the carbon-centered radical rapidly reacts with molecular oxygen to generate a
peroxyl radical. In step 3 the peroxyl radical abstracts a phenolic hydrogen to yield a
resonance stabilized phenoxyl radical (A).
In step 4 (A) couples with a peroxyl radical and decomposes into quinone (B)
(Aksoy et al., 2009). In steps 5-7 iterative coupling and oxidation reactions occur that
increase the molecular weight of the deposit precursors. This process involves step 5
where a substituted quinone reacts with indigenous nucleophilic species to yield soluble
low molecular weight quinone-coupling products.

Compound (C) is the simplest

depiction of soluble oxidation precursor, an EIP. In step 6 compound (C) is oxidized
while step 7 increases the molecular weight of the EIP, to form a soluble hydroquinone
(E) as an EIP. Subsequent peroxyl radical oxidation generates a polar quinone (F), which
precipitates as a thermal oxidative deposit (TOD).

Compound (F) is the simplest

depiction possible for a TOD. In reality EIP and TOD exist as a range of both molecular
weights and structures from iterative coupling of structurally different quinones and
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nucleophiles followed by oxidation. It is likely that TOD formation, with a molecular
weight average around 1000 Da, requires more iteration than shown in scheme 2.1.
The increase in SMORS solution mass in cycle D, compared to cycle A, is
accounted for by phenol and ketone formation shown in reactions 9-11 in scheme 2.2. In
these reactions alkyl aromatic compounds (G) undergo autoxidation to yield
hydroperoxide intermediates (H) followed by rearrangement to ketones and phenols.
Consistent with this proposal is a model compound study with cumene as the model alkyl
aromatic reported in chapter 1: mild oxidative stress detected both cumene hydroperoxide
and phenol formation (Kabana et al., 2011). The operation of steps 9-11 in cycle D
suggests that the initial fuel phenol concentration in fuel 4877 is not sufficient to protect
indigenous alkyl aromatics from autoxidation.

It is likely that a fuels relative

concentration of indigenous initiators, alkyl aromatics and phenols determine the extent
of SMORS solution mass during stress. In cycle D these factors likely result in the
oxidized fuel becoming both more polar and better able to limit peroxyl radical chain
chemistry in subsequent oxidative stresses due to the increase in phenol concentration.
After cycle D fuel 4877 has a very different chemical composition than prior to the
oxidative stress. In cycle E the effect of paraffin blending and subsequent oxidation is
examined.
In cycle E 30 mL of dodecane is blended into 30 mL of oxidized 4877 from cycle
D; paraffin blending decreases TOD and EIP mass by half in the resulting mixture. Cycle
E data reports 0.8 mg of TOD, 1.9 mg of EIP and 995 mg of SMORS solution. Since one
half of the original TOD and EIP amounts from the initial stress of the jet fuel are still
present in this mixture, only approximately 0.35 mg of TOD was produced during the
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second stress.

This is approximately the amount of TOD expected by diluting the

original jet fuel with an equal volume of paraffin followed by oxidation (i.e. ½ x 0.9 mg
TOD = 0.45). In scheme 2.2 this result can be represented by reaction 7 between EIP (D)
and indigenous nucleophiles to yield a hydroquinone (E). Subsequent oxidation of this
compound by peroxyl radicals in step 8 yields TOD (F).
Most interestingly the EIP value in cycle E has decreased approximately 0.3 mg
from one half of the value from cycle D (i.e. ½ x 4.4 mg EIP = 2.2 mg EIP-1.9 mg EIP =
0.3 mg EIP). This result suggests that minimal indigenous phenols were converted into
new EIP during cycle E (steps 1-5). This observation is consistent with the expectations
of paraffin dilution on the chemistry depicted in scheme 2.2. Dilution will decrease the
concentration of reactants, radical initiators, phenols and nucleophiles from the jet fuel
after cycle E.

Such dilution is expected to increase peroxyl radical selectivity in

hydrogen atom abstraction reactions in the fuel/paraffin blend.

It is expected that

compound (E) would be preferentially oxidized instead of monomeric phenols (Beaver,
1999). The same is expected for compound (C). Hydroquinones are known to be more
oxidatively reactive than phenols because of the weaker O-H bond strength in
hydroquinones (Foti & Ingold, 2003).
In table 2.9, cycle F, 30 mL of the oxidized dodecane/fuel blend from cycle E is
further diluted with an additional 30 mL of dodecane followed by another oxidative stress
cycle. Analysis of 30 mL of this mixture yields 0.5 mg of TOD, 0.85 mg of EIP and 765
mg of SMORS solution. Since one half of the TOD and EIP amounts from the second
oxidation cycle (cycle E) are present in the cycle F data, only approximately 0.10 mg of
TOD was produced during stress cycle F. In addition, the data suggests that no EIP was
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Scheme 2.2: Simplified SMORS Mechanism
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formed in stress cycle F. These results are consistent with additional paraffin dilution
further slowing the initiation rate (step 1) to a minimal conversion rate of phenols into
EIP.
The chemistry proposed in scheme 2.2 can also account for previously unnoticed
observations in published flow reactor data for neat and recirculated fuels shown in
figures 2.13 and 2.14.

The effect of recirculating stressed jet fuel with fresh fuel

followed by additional stress has been examined (Jones et al., 1997); such a scenario
occurs in fighter aircraft (Hazlett, 1991). All the fuels in figures 2.13 and 2.14, except
2827, continue to generate oxidative deposit after oxygen consumption is complete;
however, the rates of surface deposition decrease in an interesting manner. For example,
figure 2.14 reports that fuel 3084 reaches complete oxygen consumption in about seven
minutes. Without the benefit of rate data, figure 2.13 reports that this fuel continues
forming surface deposit anaerobically, at a similar degree to that observed aerobically, for
an additional three minutes; subsequently the rate of deposition markedly decreases yet
never stops. This behavior contrasts with fuel 3119 that completes oxygen consumption
in ten minutes and then quickly decreases its rate of deposition but does not stop
deposition.
To account for these observations reaction 12 in scheme 2.2 is proposed in which
an unreacted quinone (B), formed in step 4, oxidizes a soluble hydroquinone EIP (E).
This known reaction (Zhang et al., 2006) yields a soluble hydroquinone (I) and a quinone
(F) as an insoluble TOD. It is suggested that the nature of the substituents on the quinone
significantly affects the rate and nature of its chemistry. Quinones with multiple bulky
substituents may only slowly react with nucleophiles as shown in steps 5 and 7. Such
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reactivity would make quinones with multiple bulky substituents available to act as
anaerobic oxidants as shown in step 12. It is also anticipated that varying degrees of
steric bulk on various quinones could account for the different rates of anaerobic
deposition seen in figure 2.13 for fuel 3084.

Figure 2.13. Changes in surface fouling on stainless steel tubing in flow reactor runs
at 185C (isothermal conditions) with typical jet fuels upon a single recirculation.
From (Jones et al., 1997).
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Figure 2.14. Changes in dissolved oxygen profile as a function of stress duration upon
a single recirculation. Experiments used stainless steel tubing in flow reactor runs at
185C (isothermal conditions) with typical jet fuels. From (Jones et al., 1997).
Although the thermal stability of most marginally stable jet fuels is generally
improved upon blending, on rare occasions two marginally stable fuel batches are
blended.

For instance, what if the 2.1 million gallons of fuel 990 ended up being

coincidently blended with 2.1 million gallons of fuel 992, entry 5, table 1.13, with a PM
value of 0.21 mg/L and a filtration time of fourteen minutes per gallon? The resulting 4
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million gallons of jet fuel would likely be off specification for filtration time after brief
ambient storage. Upon use this blended fuel would be subjected to thermal oxidative
stress of approximately 100°C for minutes in the FOHE during landing (i.e. idle decent).
It is likely that any oxidative deposits produced would collect in the fuel filter down
stream from the FOHE, and would be particularly prone to filter blockages. It is possible
that the in-flight filter blockages of the early 2000s have their origin in the rare
coincidental circumstance where marginally stable fuels, in terms of filtration time, are
blended during handling and storage.
Going along with this line of thought, another way to interpret the data from
figures 2.13 and 2.14 suggests that oxidative deposition occurs earlier when the fuel is restressed.

For instance, upon recirculation fuel 3084 generates about five times the

surface deposit at two minutes.

Figure 1.7 reports rate enhancements in oxygen

consumption for stressing recirculated fuel (observed with all fuels except 2827). These
observations are likely due to the enhanced reactivity of soluble oligomeric fuel
precursors in the recirculated fuel compared to monomeric deposit precursors in the fresh
fuel. Once again recirculated 3084 consumes approximately half its dissolved oxygen in
two minutes compared to only 5% oxygen consumption with fresh fuel at two minutes. It
is important to note that the decreased total deposit amounts shown in figure 2.13 for the
recirculated fuels, except 2827, is due to oxygen starvation resulting from the design of
the flow reactor experiment, vide infra. However, paraffin blending with oxidatively
reactive fuels, such as those suggested in table 1.13, followed by stress in the FOHE
during flight in commercial aircraft would not be in an oxygen-limited environment.
Therefore, figure 2.13 suggests that such a stress may increase thermal oxidative deposit
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formation when two marginally stable fuels are mixed (compare deposits at three minutes
of stress for the neat and recirculated fuels).

2.4 CONCLUSIONS

According to the SMORS mechanism shown in scheme 2.1, indigenous phenols
are oxidized into quinones, which increase their molecular weight by regenerative
oxidative oligomerization reactions. Ultimately, the increase in molecular weight leads to
oxidative deposit formation. This concept is supported by the data reported in table 2.4
reporting that spiking a stable jet fuel with oligomers derived from the ambient oxidation
of a synthesized indole-quinone dimer. In addition, table 2.4 reports that doping a stable
fuel, with just benzoquinone and 2-methylindole, increase the amount of both TOD and
EIP formed upon mild oxidative stress. These results further suggest that the rate of
oxidative deposit formation is dependent upon the rate of quinone formation from phenol.
(Sobkowiak et al., 2009) In the SMORS mechanism the rate of phenol oxidation is
dependent upon peroxyl radical concentration with is partially dependent upon the rate of
radical initiation. It is now becoming clear in the chemical literature that certain
molecular entities, such as alkyl olefins (Backtorp et al., 2006) and alkyl pyrroles (Beaver
et al., 1994), can readily react at ambient temperatures directly with molecular oxygen to
yield peroxyl radicals. If such compounds are present in sufficient concentration in jet
fuels, then oxidative deposit could develop at ambient temperatures during brief periods
of stress. This theme will be further explored in the next chapter.

72

Interesting observations were also noted for SMORS solution mass-produced by
doping dodecane with different molecular entities shown in figure 2.1. When combined
with the concepts depicted in figures 2.3-5 it suggests that oxidation of fuel benzylic C-H
bonds, ultimately yielding phenols and ketones, is the major pathway to the increase in
SMORS solution mass upon fuel oxidation. According to the SMORS mechanism, an
increase in phenolic compounds, upon oxidation to quinones, will also ultimately lead to
enhanced TOD formation. Consequently, determining SMORS solution mass changes
upon oxidative stress may prove useful in future screening protocols for jet fuel oxidative
reactivity.
Finally, consistent with the concept that oxidation of fuel benzylic positions ultimately
yields phenols and ketones is 13C NMR and FT-IR data in figures 2.3 and 2.4 suggesting
fuel oxidation leads to significant amounts of carbonyl formation.

In addition,

characterization of a jet fuel TOD by SEM-EDS has provided an additional example
(Hazlett, 1991) of the concentration of fuel heteroatom content in the TOD as described
in scheme 2.1.
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Chapter 3: Inhibition of Thermal Deposit in Jet Fuels by SMORS
Solution Blending

3.1 INTRODUCTION

It has already been established that jet fuel thermal stability is an important issue.
Several mechanistic studies of jet fuel oxidative degradation have resulted in the
mechanism proposed in scheme 1.1. This SMORS hypothesis was earlier tested to
explain the oxidative degradation of fuels as well as oxidative deposit formation. This
led to a better understanding of the nature of oxidative deposit from a chemical point of
view.

Based upon this mechanistic understanding, several potential additives and

stabilizers have been examined that may limit deposit formation upon stress.
Additives are defined here as compounds used at a concentration lower than 200
ppm. Stabilizers are defined as having a higher concentration than that of additives,
reaching upwards of 1% by volume. These can be either liquid or solid. For an additive
or stabilizer to be considered successful, it has to fulfill two requirements: first, the
additive must preferentially reacts with peroxyl radicals, believed to be the primary
radical species in fuel oxidation. Secondly, the resulting oxidized additive must not
increase the amount of deposit formation due to its presence.

In this study the

effectiveness of the tested compounds in limiting oxidation is studied using flask
oxidation.
Previous work using the hydrocarbons 1,4-dihydrobenzene (DHB) (West et al.,
2008) and 1,2,3,4-tetrahydronaphthalene (THN) as stabilizers have been effective in both
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tubing bomb and/or a flowing reactor (Beaver et al., 2005; West et al., 2008; DeWitt, &
Zabarnick, 2002; Beaver et al., 2006; Sobkowiak et al., 2007; Beaver et al., 2007;
Woodward & Mesrobian, 1953; Taylor, 1970; Xia & Zhan, 2004; Franz et al., 1984;
Bounsceur et al., 2000). These data suggest that during high temperature stress, DHB
and THN are effective deposit inhibitors. The current study was designed to test the
effectiveness of THN and other additives and commercially viable stabilizers at limiting
thermal oxidative product formation during lower temperature (<170°C) flask oxidation.

3.2 EXPERIMENTAL

3.2.1 Materials

The various jet fuels were obtained from the Wright-Patterson Air Force Base in
Dayton, Ohio and from an Intertek laboratory in Robinson, Pennsylvania. All fuels
studied met specifications, with some of this data reported in chapter two (Kabana et al.,
2011). Dodecane, decane, hexane and 1,1‟-azobis(cyclohexane-carbonitrile) (ACHN)
were purchased from Sigma Aldrich and used as received. The PARC additive was
obtained from the Pennsylvania State University‟s EMS Energy Institute and was run
through a silica gel column prior to each use. The PARC additive behaves effectively as
tetrahydronaphthalene. Methanol was purchased from Alfa Aesar and used as received.

3.2.2 Flask Oxidation

75

Please refer to chapters one and two for specifics on experimental details
pertaining to flask oxidation of jet fuels (Kabana et al, 2011).

3.3 Results and Discussion

3.3.1 Hydrocarbon and Hydroaromatic Additives

Limitation of deposit caused by thermal oxidative stress is the primary goal of this
study. Recent studies of jet fuel stabilization will first be briefly discussed. Tubing
bomb studies (Coleman et al., 1992) have analyzed many different antioxidants for
potential use as thermal stabilizers.

Traditional antioxidants such as butylated

hydroxytoluene (BHT) had little or no effect on the formation of carbonyl groups
associated with oxidation, and in some cases actually promoted deposit formation. The
subsequent attempt at inhibition incorporated compounds that could scavenge molecular
oxygen or act as hydrogen donors. They found success with benzyl alcohol diminishing
carbonyl stretching relative to neat fuel. The authors postulated that this was due to the
oxidation to benzaldehyde from benzyl alcohol in the presence of molecular oxygen. The
ultimate disappearance of the carbonyl peak was credited to decarboxylation. It was
proposed in previous publications (Beaver et al., 2007) the effect of benzyl alcohol
observed was also likely due to the presence of the alcohol increasing the fuel‟s ability to
solubilize deposit precursors by increasing the overall polarity of the fuel.

3.3.2 DHB Stabilizer
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The idea of hydrogen donors as an additive holds real potential. It has previously
been shown 1,4-dihydrobenzene (DHB) (Howard & Ingold, 1967; Hendry & Schuetzle,
1975; Hendry & Schuetzle, 1976) could be used as an antioxidant. DHB effectiveness is
likely due to the fact that it contains a weakly bonded hydrogen atom (71 kcal/mol)
(Hendry & Schuetzle, 1975) which could preferentially react with peroxyl radicals while
at the same time not add to the amount of thermal oxidative deposit formed, the final
product being benzene, a relatively innocuous compound.

In addition, DHB has a

stoichiometric factor of 2, indicating that it is capable of terminating two equivalents of
peroxyl radical. Table 3.1 (data from Gul et al., 2009) lists the data pertaining to the use
of DHB as a stabilizer in jet fuels. When 1349 ppm DHB is added to a jet fuel and
subsequently run through the PSU flowing reactor (entry 2), there is a 7% decrease in
carbon deposit compared to the neat fuel.

When the amount of DHB is increased to

5647 ppm (0.5% v/v, entry 3), there is nearly a 90% decrease to the amount of deposit
formed.
Table 3.1: Effects of DHB Stabilizer Concentration on Thermal Oxidative Deposit Formation in Jet Fuel in
the PSU Flowing Reactor at 550°C (data from Gul et al., 2009).
Mean carbon deposit
% change in carbon deposit
Entry Fuel POSF DHB concentration
(µg/cm2)
compared to neat fuel
1
3804
180 ppm
14.1
+16
2
3804
1349 ppm
10.9
-7
3
3804
5647 pm (0.5% v/v)
1.5
-88

Table 3.2 (data from Gul et al., 2009) provides additional evidence that DHB can
act as an effective stabilizer. Entries 1 and 2 depict the effects of the presence of DHB
(0.5% v/v) in fuel 3658 compared to neat fuel. There is nearly a 100-fold reduction of
oxidative deposit within the tubing bomb with the stabilizer. DHB has a weak C-H bond
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available for peroxyl radicals to react with, which results in less of the indigenous
antioxidants such as phenols in scheme 1.1 being converted to quinone and beyond to
oxidative deposit. Since the resulting product of DHB reacting with peroxyl radicals is
benzene, there is no adverse affect on the amount of deposit formed. These results
depicted in tables 3.1 and 3.2 are consistent with the hypothesis of SMORS deposit
formation by peroxyl radical chemistry.

Table 3.2: Effect of DHB Stabilizer on TOD Formation in Jet Fuel Under Tubing Stress at 150 psi Air at
350°C for 10 Minutes (data from Gul et al., 2009).
Oxidative Deposit Tubing
Total
Indoles/Carbazoles Phenols
DHB
Entry Fuel Polars
Bomb at 350°C (mg/100 mL
(ppm)
(ppm) Concentration
(ppm)
fuel)
1
3658 2200
1034
952
0
35.2
2
3658 2200
1034
952
0.5% v/v
0.3

3.3.3 THN Stabilizer

Another compound of interest in decreasing thermal oxidative deposit formation
takes the form of hydroaromatics such as tetralin (THN) (Balster et al., 2008). These
types of compounds have been shown to help stabilize model systems (Song et al., 1994;
Yoon et al., 1996; Yoon et al., 1997) as well as actual jet fuels (Andresen et al., 2001;
Strohm et al., 2003; Strohm, 2006). A THN:-tetralone (THNone) solution (figure 3.1)
has been shown to visibly thermally stabilize fuel (Strohm et al., 2003). In addition, at a
concentration of 0.02 M it can limit oxidation of a fuel‟s polar aromatic compounds
(Beaver et al., 2007).

THN, THNone, and similar compounds are believed to

preferentially react with peroxyl radicals over indigenous antioxidants of the fuel. This
would take place with peroxyl radicals abstracting hydrogen from available benzylic
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positions, where the C-H bond strength is relatively weak compared to a typical
hydrocarbon C-H bond.

The benzylic C-H bond strength in THN is ~83kcal/mol

(Laarhoven & Mulder, 1997) while the O-H bond strength in BHT, used as a model of
indigenous phenols) is ~82 kcal/mol (Wayner et al., 1996).

O

H
H
H
H

OH

OH

HN

HO

NH
HO

Figure 3.1: Potential stabilizers studied or reviewed. Left to right: tetralin (THN), -tetralone (THNone),
dihydrobenzene (DHB), representative SMORS structure.

The very slight difference in the bond strengths explains why a high concentration
of THN is required in order for it to react preferentially with peroxyl radicals. The
oxidative products of THN do not adversely affect the amount of oxidative deposit
formed.
A thermally stable jet fuel that originates from a hydrotreated, hydrogenated
combination of coal-derived refined chemical oil (RCO) and petroleum-derived light
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cycle oil (LCO) has recently been commercially produced at PARC Technical Services in
Harmarville, PA (Balster et al., 2008). The genesis for this fuel, known as JP-900, was to
design a fuel capable of thermal stability up to 900oF (480°C). It is composed primarily
of napthenes with a low percentage of polars (~23 mg/L vs. ~100-600 mg/L for typical
jet fuels) or aromatics like alkylbenzenes (~1% vs. 10-15% for typical jet fuels). Due to
these two facts, this fuel has exhibited excellent thermal stability and meets most
specifications for JP-8 fuel. However, the fact that it is extensively processed causes the
fuel to be expensive. A precursor of JP-900 has shown promise as a fuel stabilizer
additive (Schobert et al., 2002; Gul et al., 2006). This additive, known as PARC, can be
considered a concentrated solution of THN and derivatives. Table 3.3 (from Gul et al.,
2009) lists the data resulting from flow reactor studies with this stabilizer done at the
Pennsylvania State University. This additive has a positive effect on two different jet
fuels‟ total thermal oxidative deposit formation when 1% v/v is added to the fuel prior to
stress (Gul et al., 2009). Entry 1 shows a 56% reduction in TOD compared to neat fuel
4177 and entry 2 shows a 39% reduction compared to neat fuel 4751.
Table 3.3: Effects of PARC on Thermal Oxidative Deposit Formation in the PSU Flowing Reactor at
350°C (data from Gul et al., 2009).
% concentration
Mean carbon deposit
% reduction in thermal oxidative
Entry
Fuel
by volume
(µg/cm2)
deposit (compared to neat fuel)
1
4177
1.0
10.2
56
2
4751
1.0
13.6
30

With the knowledge that PARC works to limit thermal oxidative deposit formation in
high temperature flow reactor studies, this study examined PARC in a lower temperature
flask oxidation study. To that end PARC was spiked into jet fuel prior to stress, the
resulting data listed in Table 3.4. Based on initial interpretation of these data, it would
appear as if PARC does not have the same effect as it does in flow reactor studies.
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However, the SMORS hypothesis can provide an explanation. Both DHB and THN (and
PARC) are able to react with peroxyl radicals, thus slowing down the formation of
deposit via the SMORS mechanism and this is evident in tubing bomb studies. These
compounds would prevent further formation of structures like 1a and 1b.
Table 3.4: Effects of PARC on Fuel 4877 Flask Oxidation.a
Entry
PARC
Time (min)
1
30
2
0.1% v/v
30
3
1.0% v/v
30
a
Oxidant: Oxygen; 165°C

TOD (mg/30 mL)
0.7 ± 0.1
0.9 ± 0.8
0.7 ± 1.4

EIP (mg/30 mL)
3.6 ± 1.2
1.6 ± 1.3
2.6 ± 3.4

SMORS (g/30 mL)
1.421 ± 0.103
1.418 ± 0.057
1.422 ± 0.036

However, what these additives cannot do is prevent already existing compounds
of similar nature to 1a and 1b from continuing to oligomerize into thermal oxidative
deposit.

This is due to the same nature that allows these additives to be good

antioxidants: a relatively lower bond dissociation energy. This time the compounds with
the lower bond dissociation energy are the existing oligomerized compounds.

The

increase in conjugation provides additional stabilization to radicals resulting from
reaction with peroxyl radical initiators. In the tubing bomb and flow reactor studies, the
stress is severe, which would cause all of the already existing oligomers to continue down
the path to deposit. In flask oxidation, the stress is less severe. The stabilizer would have
the same effect in prohibiting formation of new oligomers with currently existing
oligomers still continuing on to deposit. The difference between the severe and less
severe stress is reflected in the extent these oligomers form deposit. With severe stress,
all of the oligomers go on to deposit. In the flask oxidation where the stress is less
severe, only a portion of the pre-existing oligomers go to deposit, making it appear as if
the additive is not functioning as predicted. This suggests that the addition of the PARC
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stabilizer directly at the refinery, prior to air exposure, may provide thermal stabilization.
It is also possible that the PARC additive is only effective at high temperatures (e.g., 250400°C).

3.3.4 Hydroquinone

The additives/stabilizers reviewed so far work well in tubing bomb and flow
reactor studies but are less effective in flask oxidation studies. As stated earlier, there are
two requirements for an effective additive. Firstly, it must preferentially react with
peroxyl radicals over indigenous phenols. Secondly, the additive‟s oxidative products
must not promote additional deposit. These guidelines led to the idea of utilizing very
small concentrations of compounds that would have a weaker O-H bond than phenolic
compounds, such as hydroquinone. While it was shown in chapter two that a large
increase in the amount of compounds similar to 1a and 1b from scheme 1.1 promote
oxidative product formation, it is hypothesized that at very small concentrations, these
same compounds would have a stabilizing effect. Peroxyl radicals are relatively selective
radicals because the radical is delocalized through resonance (Beaver, 1999). Similarly,
the O-H bond of a phenol (and hydroquinone) is relatively weak due to the radical
resulting from reaction with the peroxyl radical being stabilized by resonance.
Compounds like hydroquinone can provide more resonance stabilization than phenol,
therefore peroxyl radical should preferentially react with them before phenols. Table 3.5
shows the data pertaining to fuel 43 spiked with ppm amounts of trimethylhydroquinone.
In entries 2 and 3, 2000 ACHN was added as peroxyl radical initiator. The significance
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of the addition of ACHN will be delved into more deeply in the following section. It can
be seen in entry 3 that oxidative products in the form of extractive induced precipitate
(EIP, structure 3, scheme 1.1) and soluble macromolecular oxidatively reactive species
(SMORS, structures 1-3, scheme 1.1) solution were lowered due to the presence of the
hydroquinone (Beaver, 1999). It is critical to note that at low ppm concentrations the
hydroquinone acts as an antioxidant additive.

Table 3.5: Effects of 1,3,5-trimethylhydroquinone (HQ) on Fuel 43 Flask Oxidation.a
Entry

Additive

1
2

Neat
2000 ppm ACHN
200 ppm HQ/2000
3
ppm ACHN
a
Oxidant: Air; 110°C

Time
(min)
300
120
120

TOD (mg/30 mL)

EIP (mg/30 mL)

SMORS (g/30 mL)

0
1.4

0
9.1

0.992
1.358

1.4

4.3

1.268

3.3.5 SMORS Solution

It has been shown in chapter one that oligomerized heteroatomic molecules such
as compounds 1-3 in scheme 1.1 act as deposit promoters at high concentration. But
what if a small concentration of those molecules were present? With that in mind
SMORS solution isolated from a thermally stressed fuel was spiked into fresh jet fuel at a
concentration of 1% v/v or less in order to test its ability to function as a stabilizer. Table
3.6 lists the data pertaining to this study. Two different fuels, fuel 4877 and 43, both
were spiked with small amounts of SMORS solution generated from a thermal stress of
the same fuel (SMORS solution generated from 4877 was spiked into neat 4877, etc.).
This resulted in a lowering of all three oxidized products studied, with the most
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significant change affecting TOD and EIP.

The results of these experiments are

astounding, especially when contrasted to the results from the THN stabilizer study.
Table 3.6: Effects of Doping SMORS Solution in Various Jet Fuels in Flask Oxidation.

a

Entry

Fuel

1
2
3

4877
4877
4877

4

43

5

43

6

43

7

43

8

43

SMORS
Added (mL)
0
0.05
0.1
0/2000 ppm
ACHN
0.1/2000
ppm ACHN
0.3/2000
ppm ACHN
0.1a/2000
ppm ACHN
0.1a/0.3 mL
Cumene

Time
(min)
30
30
30

Temperature
(°C)
165
165
165

120

O2
O2
O2

TOD (mg/30
mL)
0.7 ± 0.2
0
0.1 ± 0.2

EIP (mg/30
mL)
3.6 ± 1.5
0.3
0.8 ± 0.7

SMORS (g/30
mL)
1.421 ± 0.104
1.333
1.285 ± 0.058

110

Air

1.4

9.1

1.358

120

110

Air

1.6

3.9

1.276

120

110

Air

0.9

3.9

1.260

120

110

Air

1.2

3.4

1.301

120

110

Air

1.4

3.0

1.324

Oxidant

SMORS solution generated from unstressed fuel

However, to better appreciate the effectiveness of SMORS solution as a stabilizer,
the mechanism of jet fuel oxidative degradation from the SMORS perspective will be
reviewed.

In 1994, Hardy and Wechter published a study pertaining to the

characterization of LCO blends of field-aged fuels, each no younger than six months
from the refinery. It was in this study that the use of methanol extraction followed by
forced precipitation with hexane was first introduced. In this methodology, the initial
solid deposit formed during stress and subsequently filtered is defined as TOD. The
previously mentioned methanol extraction followed by concentration yields the SMORS
solution, and forced precipitation with non-polar hexane yields the EIP. The elemental
analysis of EIP was determined and the average of five diesel fuels reported to be
C21H20NO2.

It is also suggested in this work that compounds like indoles,

tetrahydroquinolines and carbazoles might be involved in the generation of EIP.
This hypothesis was further developed by Beaver to attempt to describe the results
of jet fuels on a chemical level (Beaver et al., 2005). It has been suggested that radical
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initiators such as alkyl pyrroles, promote peroxyl radical formation, which react with
indigenous antioxidants in the fuel like phenols (Kabana et al., 2011; Jones & Balster,
2000) converting them ultimately into quinones.

These then undergo electrophilic

aromatic substitution (EAS) with other indigenous heteroatomic molecules like
carbazoles (Beaver et al., 2005; Kabana et al., 2011). Undergoing EAS leads to higher
molecular weight compounds, which get progressively larger until they are no longer
soluble and precipitate out of solution, forming TOD. After filtration the fuel is extracted
with methanol, concentrated, yielding the SMORS solution. Structures 1-3 in scheme 1.1
in chapter 1 are representative of the types of compounds found in trace amounts in
SMORS solution. It is thought that the majority of the SMORS solution is comprised of
non-oligomerized compounds such as phenols and carbonyls derived from alkyl aromatic
oxidation. Hexane introduced to the SMORS solution causes a sudden change in the
polarity of the solution, yielding the polar EIP. It needs to be stressed that the mechanism
proposed is not the only possible pathway to deposit formation.

This pathway

incorporates years of observations to successfully describe deposit formation.

The

SMORS mechanism provides a generalized description of how polar heteroatomic
compounds indigenous to middle distillate fuels can oxidize to form polar, high
molecular weight deposit materials. It was determined in chapter 1 that this general
mechanism can successfully describe the results of the thermal stress of several jet fuels
on a chemical level.
In flask oxidation, tetralin had moderate efficiency at best. The reasoning for this
result is discussed previously above. However, when a jet fuel is spiked with 0.1 mL
SMORS solution then thermally stressed, it experiences a decrease in the amount of
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deposit and precursors. This holds true for both jet fuels studied. Entry 1 shows the
values for TOD and EIP for neat fuel 4877 stressed at 165°C for 30 minutes. Comparing
that to entries 2 and 3, there is a stark contrast. The amount of thermal oxidative deposit
formed was decreased by nearly tenfold. Extractive induced precipitate values were
lowered over 75%.
Observing entries 1-3 shows improved thermal stability with respect to oxidative
products when fuel 4877 is stressed with SMORS solution present. These results were
surprising considering the source of the effect, but it was thought whether it would be
observed in different scenarios. Entry 4 shows fuel 43 with 2000 ppm ACHN, a radical
initiator. It is generally accepted that the presence of peroxyl radicals in fuel, which
occur naturally in fuels, will decrease its thermal stability. ACHN provides additional
peroxyl radicals, which would have the affect of making a more thermally unstable fuel
with which to test SMORS solution as a thermal stabilizer. When the TOD and EIP from
entry 4 are compared to entries 5-6, where SMORS solution is spiked into fuel 43, EIP
values significantly decreased. The TOD values did not decrease due to the ACHN
present. The SMORS solution also seems to have experienced a small drop in mass;
however, since it is not statistically significant, it will not be referred to as a trend. These
results are explained much the same way the results from spiking with hydroquinone
were explained.

In fuels, heteroatomic molecules can slowly oxidize at ambient

temperature to produce dimers. When SMORS solution is spiked into fuel, additional
dimers are introduced. Peroxyl radicals will selectively react with compounds that have
the weakest bonded hydrogen. In the previous case, this was the hydroquinone spiked
into solution. In this case, the peroxyl radial will react with the compounds like 1a and

86

1b in scheme 1.1 preferentially over indigenous phenolic compounds. This is due to the
fact that 1a and 1b are more highly conjugated, allowing for more resonance stabilization,
and therefore a more stable radical. Additionally, the very low concentrations of these
higher conjugated compounds play a role in the effectiveness of SMORS solution as an
antioxidant. Due to the combined effects of selectivity of the peroxyl radical and the low
concentration of the active compounds of the SMORS solution these compounds do not
add in a significant way to deposit formation. It is proposed that the SMORS molecules
grow to trimers and tetramers, which stay in solution.
Like the hydroquinone scenario, it is important to emphasize these compounds
work well as stabilizers in low concentrations only. When they are present in higher
amounts, as was seen earlier in chapter 1 (Kabana et al., 2011) the oxidative degradation
is increased with respect to TOD, EIP and SMORS solution.

Another interesting

observation of note is encompassed in entries 7-8 of table 3.6. The SMORS solution
spiked into fresh fuel up to this point have all been generated by methanol extraction of a
fuel that underwent severe thermal oxidative stress (5 hours, 165°C). In this instance, the
SMORS solution spiked into the fuel was generated by methanol extraction of a fuel that
underwent no thermal oxidative stress; it was isolated from fresh fuel. It was originally
thought the thermal stress was necessary in order to generate the oligomers thought to be
responsible for providing thermal stability to the fuel. As it turns out, this might not be
the case. With these results, it is suggested that the amount of compounds to have gone
through the SMORS mechanism of fuel oxidation during storage is sufficient to provide
comparable thermal stability. Future work will include delving into this observation
more thoroughly.
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3.4 CONCLUSIONS

In previous studies, compounds like DHB and the PARC stabilizer are effective in
lowering overall deposit formation in tubing bomb studies. It has been determined that in
flask oxidation, the PARC stabilizer has moderate effectiveness in limiting thermal
oxidative deposit. It is thought that this is an artifact of flask oxidation being a less
severe stress as the tubing bomb studies done with the PARC stabilizer. At lower
temperatures, the already existing oligomers that have formed prior to the introduction of
the PARC stabilizer take longer to oxidize and form deposit. At higher temperature
ranges those oligomers quickly oxidize and undergo SMORS chemistry to form deposit.
The key concept is that the PARC stabilizer prevents formation of new oligomers.
It has been shown that SMORS solution (≤1% v/v) generated from the fuel itself
and reintroduced as a stabilizer is very effective in limiting thermal oxidative product
formation. The most likely explanation for the success of the SMORS solution as a
stabilizer is a preferential reaction with peroxyl radicals over indigenous molecules that
would otherwise lead to deposit formation. Like the PARC stabilizer, one of the key
concepts is the prevention of new oligomers. Additionally, it seems the SMORS solution
prevents the reaction of peroxyl radicals with existing oligomers. It is suggested this is
due to the introduction of low concentration molecules that have a more weakly bonded
hydrogen than those existing oligomers. These molecules react with peroxyl radicals but
do not add to deposit formation due to their low concentration.
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Chapter 4: Chemistry of Triplet Oxygen with Arylphosphines

ABSTRACT

Dicyclohexylphenylphosphine (DCP) was tested for its ability to inhibit thermal
oxidation in jet fuel.

The chemistry of triplet oxygen ( 3O2) with a variety of

arylphosphines (Ar3P) has been studied.

Rates of para-substituted arylphosphine

consumption in the presence of 3O2 at a temperature range of 110°C-140°C show good
correlation with the Hammett  parameter. The only products for the reactions of these
phosphines with 3O2 are the corresponding phosphine oxides.

4.1 INTRODUCTION

Oxidative degradation of the fuel‟s indigenous polar aromatic compounds is the
primary cause of this deposit formation and has been studied in depth and discussed in
chapter two (Kabana et al., 2011). A general mechanism for deposit formation has been
developed (Hardy & Wechter, 1994) after studying the elemental analysis of five
different diesel fuels. Additive studies have been performed and discussed previously.
Earlier development of additives designed to inhibit oxidation has yielded phosphines as
a possible deposit inhibitor (Beaver et al., 1998). Phosphines would likely behave as an
oxygen scavenger in a fuel, thus suppress oxidation of the fuel‟s indigenous components.
The reactivity of oxygen with phosphines has been studied over recent years
(Clennan & Pace, 2005; Nahm & Foote, 1989; Tsuji et al., 1993; Nahm et al., 1993; Gao
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et al., 2001). Foote et al have suggested the reaction of singlet oxygen ( 1O2) with
trivalent phosphines goes through a phosphadioxirane intermediate utilizing ab initio
methods (Nahm & Foote, 1989). More recently in 2003, Selke et al showed direct
observation for a phosphadioxirane intermediate in the reaction of singlet oxygen with
various triaryl phosphines using low temperature 31P and 17O NMR measurements (Ho et
al., 2003). Additionally, Beaver et al have provided evidence through concentration
effects suggesting a similar phosphadioxirane intermediate for the reaction of
dicyclohexylphenylphosphine (DCP) and triphenylphosphine (TPP) with 3O2. It was
suggested that triarylphosphines undergo a single-electron-transfer with an oxidant prior
to reaction with molecular oxygen. The resulting intermediate includes a cation on the
phosphorus reaction site.
Selke‟s work also described a linear free-energy relationship for the reaction of
1

O2 with triarylphosphines in the form of a Hammett Plot (Zhang et al., 2006). These

data yielded a rho (ρ) value of -0.51, which indicates an overall positive change in the
charge of the intermediate. In addition, this agrees with several studies suggesting that
the primary intermediate in the photooxidation of TPP is electrophilic (Nahm et al., 1993;
Wilke & Weinhold, 2006; Nahm, 2009).

A mechanistic study of the reaction of

triarylphosphines like TPP could elucidate information on the characteristics of the
proposed phosphadioxirane intermediate. In addition, developing a Hammett Plot to
portray the linear free-energy relationship between 3O2 and triarylphosphines will help
determine the extent of electron transfer.

4.2 EXPERIMENTAL
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P NMR spectra were obtained using Bruker Avance 400 MHz spectrometers. iNMR

software was used to generate images NMR spectra.

4.2.1 Materials

All phosphines and solvents were purchased from Sigma Aldrich and used as
received.

4.2.2 Hammett Study

In order to simulate a jet fuel, a solvent system of 9:1 dodecane:1,2dichlorobenzene was used for this study. Using a 10.0 mL volumetric flask, 0.10 M
solutions of various phosphines were prepared. Butylated hydroxytoluene was added to
simulate indigenous antioxidants in 1.0 equivalent amounts. If the phosphine being
studied was not soluble at room temperature, the solution was purged with argon, capped
with a septum and gently heated until the solution was homogenous, whereupon it was
immediately placed into a 25 mL 3-neck flask. This flask was fitted with a reflux
condenser, a thermometer and a burette for gas delivery. The entire setup was wrapped
with aluminum foil to preclude light. Argon was bubbled through the solution at a rate of
~60 mL/min until the reaction mixture reached the desired temperature. At that point, a
sample of about 0.5 mL was taken and the argon purge was replaced with an oxygen
purge (100%, 90%, 80%, or 20%). The sample was purged with argon for 30 seconds
followed by capping and parafilm. Samples were then taken at incremental times (times
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dependent on which phosphine was being tested) until about 10% of the phosphine had
reacted to form the phosphine oxide. The second order rate constant and initial reaction
rate was determined using

31

P NMR. The concentration of molecular oxygen dissolved

in solution was estimated (Battino et al., 1983; D‟Souza et al., 1987). Using the rate
constants, an activation energy was determined and a Hammett Plot was prepared.

4.3 RESULTS AND DISCUSSION

4.3.1 Hammett Study

As stated previously, it has been suggested that phosphines undergo an electron
transfer prior to reaction with molecular oxygen via electron-transfer-initiated
oxygenation (ETIO). Figure 4.1 below depicts a scheme by which molecular oxygen
reacts with a triarylphosphine to ultimately form the corresponding triarylphosphine
oxide and phosphinate (structures 3 & 4) (Beaver et al., 2006). This scheme connects the
reaction of triarylphosphines and 3O2 with the corresponding reaction with 1O2 through
the key phosphadioxirane intermediate structure 2. The singlet and triplet charge transfer
complexes immediately precede the intermediate and will be delved into later in the
chapter.
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Figure 4.1: Summary of the literature of the reactions with various phosphines with
oxygen.
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Figure 4.2: Possible pathways to key intermediate.
There are three confirmations for molecular oxygen: a triplet confirmation, Triplet
3

Σg-, and two singlet confirmations, Singlet 1∆g and Singlet 1Σg+, with 1Σg+ being the

highest in energy (37.5 kcal/mol higher than 3Σg+). Singlet 1∆g oxygen (two oxygen
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atoms double bonded to each other) is a higher energy state than triplet oxygen by 22.60
kcal/mole (Weissbluth, 1978). The reaction between triplet oxygen and triarylphosphine
is shown on the left while the corresponding reaction with singlet oxygen is higher and
on the right. In the former case, it is thought that an intersystem crossing (Wang et al.,
2007) has to take place before formation of the key intermediate, structure 2, figure 4.1.
It is important to reiterate that both pathways in figure 4.1 share this common
intermediate, the phosphadioxirane (structure 2).

Figure 4.2 above focuses on the

reaction from the charge transfer complex (CTC) to formation of the phosphadioxirane
intermediate.

This chapter will focus on the two pathways on the right. There is

evidence in the literature supporting the existence of this key intermediate from both
pathways. In the singlet pathway (Zhang et al., 2006; Zhang et al., 2006; Zhang et al.,
2010), oxygen and phosphine come together and form a singlet charge transfer complex
(CTC), which then forms the aforementioned phosphadioxirane. Selke et al. have shown
17

O NMR evidence for the existence of this intermediate at -80°C. Presumably, for the

other phosphines where the intermediate was not observable via NMR the lifetime of the
intermediate was too short-lived to be seen.
In the triplet pathway, a triplet CTC forms (figure 4.1), followed by a spin flip of
one of the electrons on the oxygen. Beaver et al. have studied the reaction between triplet
oxygen and triarylphosphines and have observed a concentration effect (Beaver et al.,
2006).

With sufficiently high triarylphosphines concentration, only the resulting

phosphine oxide forms. If the concentration drops, a competing product begins to form,
the resulting phosphinate. This supports the presence of the phosphadioxirane. With
high phosphine concentration, there is a bimolecular reaction between the dioxirane and
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an unreacted phosphine, the dioxirane undergoes an intramolecular rearrangement to
form the phosphinate.

Triplet 3Σg-
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Singlet 1∆g
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Figure 4.3: Molecular orbital diagrams of the three possible electronic configurations of
molecular oxygen.
In order to get a visualization of the differences between triplet and singlet
oxygen, the molecular orbital diagrams for all three energy confirmations will be
discussed. In figure 4.3, the molecular orbital diagrams are displayed. The transition
between 3Σg- and 1Σg- is due to a flip of one of the electrons, known as intersystem
crossing. The transition between 1Σg- and 1∆g is the convergence of the two electrons to
form the second bond.
There is literary support for the existence of a diradical intermediate (figure 4.4).
Buchwald et al. have studied bulky phosphines and their general rates of reaction. In
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addition to supporting the existence of a diradical, the authors also comment on a
prereaction complex between oxygen and the phosphine.

This is in support of the

hypothesized mechanism in figure 4.1, where the charge transfer complex leads to the
key intermediate and ultimately the phosphine oxide product.

OMe

P O O

OMe

P
OMe
OMe

Figure 4.4: Literature evidence of diradical intermediate (Barder & Buchwald, 2007).
If it is true that there is an electron transfer that takes place, an effective way to
see that illustrated is through the use of a linear-free-energy diagram, specifically a
Hammett Plot (Ansley & Dougherty, 2006). The basic equation developed by Louis
Plack Hammett in the late 1930s is log K/Ko = , where K is the equilibrium constant
for the para-substituted triarylphosphines, Ko the equilibrium for triphenylphosphine, 
the substituent constant and  the reaction constant. A plot of log (K/Ko) versus  yields
a straight line. Through the nature of the plot one can determine the electronic character
of the reaction site in the rate-determining step. With a  > 0, a negative charge is built
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up (or positive charge is lost) during the reaction. With  = 0, there is no effect from
para-substituents and no change in charge is involved in the reaction. With a  < 0, there
is a positive buildup of charge (or loss of negative charge).
With this knowledge, a Hammett Plot was developed to test whether a charge is
involved in the reaction between triarylphosphines and triplet oxygen.

The para-

substituted triarylphosphines used for this study were tris(4-methoxyphenyl)phosphine,
tris(4-methylphenyl)phosphine, triphenylphosphine, tris(4-fluorophenyl)phosphine, and
tris(4-chlorophenyl)phosphine. The structures and their corresponding  constants are
listed in table 4.1.
In order to generate the required data for constructing a Hammett Plot, first the second
order rate constants of each compound must be determined. In order to do this, the
pseudo first order rate constant for the reaction of each phosphine with a constant
concentration of oxygen is found. The natural log of the concentration of phosphine as a
function of time is graphed. The concentration of phosphine was determined utilizing 31P
NMR, an example shown below in figure 4.5. The slope yields the pseudo first order rate
constant for that phosphine. An example graph is shown below in figure 4.6.
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Table 4.1: Various Triarylphosphines Used in the Hammett Plot Study.
Structure
Name
Sigma Value
MeO

OMe

P

Tris(4-methoxyphenyl)phosphine

-0.268

Tris(4-methylphenyl)phosphine

-0.170

Triphenylphosphine

0

Tris(4-fluorophenyl)phosphine

0.062

Tris(4-chlorophenyl)phosphine

0.227

OMe

P

P

F

F

P

F
Cl

Cl

P

Cl
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Figure 4.5: 31P NMR of phosphine:molecular oxygen reaction.
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Figure 4.6: Determination of pseudo first order rate constant, k'. Graph of the ln of TPP-pCl concentration as a function of time.
Slope yields k' (1/sec).
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Figure 4.7: Determination of second order rate constant, k. Graph of the pseudo-first order rate constant as a function of oxygen
concentration. Slope yields k (L/mol*sec).

After determining the pseudo first order rate constant, it is used to generate the
second order rate constant by graphing it versus the oxygen concentration. The slope
yields the second order rate constant, k. An example determination is shown below in
Figure 4.7.
Finally, with this accumulated data, the Hammett Plot can be generated. A large
negative  value is expected if a complete electron transfer is indeed taking place from
the phosphine to oxygen. Based on the generated graph below in Figure 4.8, the  value
is -0.278. Similar  values (-0.51) have been reported in the literature for the reaction
between singlet oxygen and triarylphosphines (Zhang et al., 2006). It can be said that
there is a small electronic effect from the para substituents and a small positive charge
buildup is taking place on the phosphorus. This suggests that a partial electron transfer
takes place between the phosphine and the triplet oxygen to form the CTC prior to
formation of the phosphadioxirane intermediate.
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Figure 4.8: Hammett plot depicting electronic effects from substituents on TPP.  = -0.278.

4.3.2 DCP Additive Study

Limitation of deposit caused by thermal stress by incorporating phosphine
utilizing flask oxidation is one of the primary goals of this study. The phosphine studied
for that purpose was dicyclohexylphenylphosphine (DCP). It has been shown that 5%
(v/v) DCP in dodecane with tetralin (THN) present to model reactive benzylic sites
significantly decreases the amount of oxidized THN product is formed when compared to
the same solution without the DCP (Beaver et al., 2002). It has also been shown via
quartz crystal microbalance (QCM) and Phoenix rig methodologies that the presence of
around 200 ppm triphenylphosphine (TPP) reduces the amount of deposit formed by over
50% (Beaver et al., 1997). In addition, the presence of around 200 ppm TPP has a
marked effect on the molecular oxygen concentration in the tubing bomb rig, decreasing
the oxygen concentration much more quickly than neat fuel. The method by which
phosphines act as a deposit inhibitor is by either scavenging molecular oxygen or by
consuming present organic hydroperoxides.

Either of these two potential pathways

would have the observed effect of lowering deposit formation and oxygen concentration.
Entry
1
2

DCP
(ppm)
200

Table 4.2: Effects of DCP on Fuel 88 Oxidation. a
Time
TOD (mg/30
EIP (mg/30 mL)
(min)
mL)
300
1.48 ± 1.01
2.08 ± 1.48
300
1.45 ± 0.07
2.70 ± 0.14
a
Oxidant: Oxygen; 165°C

SMORS (g/30
mL)
1.219 ± 0.046
1.246 ± 0.036

Applying phosphines to flask oxidation was thought to have a similar affect on
deposit formation. Adding 200 ppm of DCP did not decrease the amount of deposit
formed, nor did it lower the EIP or SMORS solution values, the data shown in table 4.2.
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Comparing entries 1 and 2, there is no statistical difference. On the surface, this appears
to be conflicting results. Upon closer inspection however, an explanation exists. The
tubing bomb work was run at a much higher stress level. The flask oxidation was done at
a much milder stress, between the temperatures of 80-165°C. It is hypothesized the
phosphine would prevent new oligomerized compounds, quantified by the EIP and
SMORS solution, from forming. What they can‟t prevent, however, is the formation of
oxidative products originating from previously existing EIP and SMORS compounds in
the fuel prior to the phosphine being added. These “dimers”, variables of compounds like
structures 1a&b and 2a&b found in the SMORS mechanism, begin forming right after
production. This same scenario is taking place during the flask oxidation, however, due
to the milder stress, the previously existing SMORS compounds have yet to be
completely consumed, making it appear as if the phosphines are not having an effect on
the thermal oxidative product formation.

This theory implies the addition of the

phosphine immediately at the refinery would prevent oxidation that leads to the already
existing oligomerized compounds.

4.4 CONCLUSIONS
This chapter had two separate projects, each discussed at length above. First, the
use of phosphines as a jet fuel additive to limit thermal oxidative deposit was discussed.
DCP was also tested and assessed as a fuel stabilizer. It was determined DCP provides
moderate oxidative stability, likely due to it‟s ability to scavenge molecular oxygen in
addition to its ability to consume organic hydroperoxides. It is hypothesized the DCP
(and likely other triarylphosphines) are capable of preventing formation of compounds
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like 1.a & b and 2.a & b in scheme 1.1. However, preexisting compounds of that nature
cannot be prevented from continuing through the SMORS mechanism. This explains
why only slim to moderate effects were seen with DCP as a fuel stabilizer additive.
The second aspect of phosphine chemistry studied yielded the linear-free energy
relationship in the form of a Hammett Plot. The data provided a glimpse into the
mechanism by which triplet oxygen and triarylphosphines react. Based on the plot, a
small positive charge is built up during the rate-limiting step. This is interpreted as a
partial electron transfer to the oxygen, forming the CTC.
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SUMMARY
This work has helped delve into the chemical nature of jet fuel oxidation. Chapter
one outlined data extracted from the Petroleum Quality Information System. Particulate
matter and filtration time in particular were the primary focus. This is because thermal
oxidation of an unstable fuel will result in the formation of particulate matter through the
SMORS mechanism, shown in scheme 1.1.
It was discussed that the nature of the particulate matter has an exceptional
influence on the resulting filtration time specification. In other words, particulate matter
that is non-organic is of a different morphology than particulate matter that is organic in
origin.

This concept was reinforced from filtration studies found in the literature.

Additionally, it was shown that deposit that is smaller in average molecular size (EIP vs
TOD) penetrates deeper into a filter and due to its sticky appearance, is more effective in
inhibiting flow through the filter.
In chapter two the SMORS hypothesis was tested using flask oxidation. It was
shown that reactive fuels, when stressed, develop carbonylic and alcoholic functionality.
This is reflected in the SMORS mechanism. Additionally, it was shown that the presence
of predicted deposit precursors, such as structures 1a and 1b in scheme 1.1, increases the
amount of oxidative products ultimately produced in a fuel. Of particular interest was the
model study that suggests phenolic compounds are being formed in situ during thermal
stressing. Others have anecdotally observed this in the fuel field.
While chapter two focused on elucidating more knowledge of the chemistry of
oxidative deposit formation, chapter three focused on inhibiting deposit formation.
Additives and stabilizers that have been utilized in tubing bomb studies were tested in
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flask oxidation. The key observation was that isolated SMORS solution reintroduced
into a fuel acts to inhibit formation of TOD, EIP and SMORS solution. This was tested
in two different jet fuels. It is thought the SMORS solution introduces available –OH
bonds that peroxyl radicals are more likely to react with, yet are dilute enough to either
remain in solution or produce minimal deposit.
The final chapter focuses on one additive in particular: triarylphosphines. These
phosphines will act as oxygen scavengers in a jet fuel. A Hammett Study was performed
for the reaction between various triphenylphosphines and molecular oxygen, yielding a
rho value of -0.278.
There are several avenues of research that could be continued from this work.
Firstly, a study of elucidating more information on the morphology of deposit would be
informative. It would be especially interesting to see how the morphology of jet fuel
oxidative deposit compares to the morphology of diesel fuel. If the morphologies are the
same, it leads to the thought that the mechanism of deposit formation is, if not the same,
then similar. Additionally, a particle size distribution analysis would be very instructive
in learning more about deposit formation and morphology.
Secondly, a study designed to examine the impact of blending hydrorefined
renewable fuels (paraffins and isoparaffins) with petroleum fuels would be of particular
interest. The impact of such blending on thermal stability of fuels would be useful for
potentially extending commercial fuel filter lifetime.
Thirdly, the analysis of jet fuel oxidative deposit using GC-MS instrumentation
has been limited due to the large molecular size of deposits. However, with the use of
LC-MS, this issue is avoided, and oxidative deposits like TOD can be directly analyzed.
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This can provide very detailed structural information on deposits, and through that, can
enlighten the method by which deposit is formed.
Finally, there is a method by which biochemists can systematically target specific
functional groups, like amines, carbonyls, alcohols, thiols, etc. and isolate said
compounds from complex biological systems for direct analysis (Carlson & Cravatt,
2007). This method of enriching a resin can be utilized to target moieties of interest that
are expected to be found in middle distillate fuels. These compounds can systematically
be removed from the fuel and analyzed. In addition, after removal of the compounds
with a specific functional group, the fuel can be thermally stressed to observe the effects
of removal. The resulting deposit can be analyzed to see if it differs in composition as
well as any morphological differences to deposit generated from untreated fuel.
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